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Prostate cancer (PCa) is the most prevalent cancer among men, and second leading
cause of cancer death among men in the US. Current clinical interventions for PCa
include surgery and radiation therapy, and anti-hormone and androgen-deprivation
therapy for early stage and hormone-sensitive PCa. But, practically no therapy is
currently available for non-resectable and hormone-refractory PCa. We have
developed 1,25-Dihydroxyvitamin D3-3-bromoacetate (1,25(OH)2D3-3-BE), a novel
alkylating derivative of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), and in preliminary
studies, demonstrated potent growth-inhibitory activity in several PCa cells. These
results suggest a strong therapeutic potential of this compound in PCa.
The principal goal of this project is to evaluate the potential of 1,25(OH)2D3-3-BE
as a therapeutic agent for prostate cancer in animal models of human prostate
cancer, and explore the molecular mechanism/s of this compound in prostate cancer
cells. The ultimate goal of this project is to develop 1,25(OH)2D3-3-BE as a
therapeutic agent for prostate cancer.
Specific Aim 1: In vivo studies of 1,25(OH)2D3-3-BE in mouse models
1A. Determine MTD of 1,25(OH)2D3-3-BE in non-tumor bearing SCID mice,
1B. Evaluate bio-availability of 1,25(OH)2D3-3-BE in a mouse model
1B. Determine efficacy of 1,25(OH)2D3-3-BE in mouse xenograft models for human prostate
tumor
Specific Aim 2: Mechanistic studies of 1,25(OH)2D3-3-BE in prostate cancer cells
2A. Evaluate the regulation of cell-cycle and apoptotic markers by 1,25(OH)2D3-3-BE
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14. ABSTRACT
Prostate cancer (PCa) is the most prevalent cancer among men, and second leading

cause of cancer death among men in the US. Current clinical interventions for PCa
include surgery and radiation therapy, and anti-hormone and androgen-deprivation
therapy for early stage and hormone-sensitive PCa. But, practically no therapy is
currently available for non-resectable and hormone-refractory PCa. We have
developed 1la,25-Dihydroxyvitamin D;-3-bromoacetate (1,25 (0OH),D3-3-BE), a novel
alkylating derivative of la,25-dihydroxyvitamin D; (1,25 (0OH),D3), and in preliminary
studies, demonstrated potent growth-inhibitory activity in several PCa cells. These
results suggest a strong therapeutic potential of this compound in PCa.

The principal goal of this project is to evaluate the potential of 1,25 (0OH),D;-3-BE
as a therapeutic agent for prostate cancer in animal models of human prostate
cancer, and explore the molecular mechanism/s of this compound in prostate cancer
cells. The ultimate goal of this project is to develop 1,25(0H)2D3-3-BE as a
therapeutic agent for prostate cancer.

Specific Aim 1: In vivo studies of 1,25(0OH)2D3-3-BE in mouse models

1A. Determine MTD of 1,25 (0OH)2D3-3-BE in non-tumor bearing SCID mice,

1B. Evaluate bio-availability of 1,25(0H)2D3-3-BE in a mouse model

1B. Determine efficacy of 1,25(0H)2D3-3-BE in mouse xenograft models for human prostate
tumor

Specific Aim 2: Mechanistic studies of 1,25(0H)2D3-3-BE in prostate cancer cells

2A. Evaluate the regulation of cell-cycle and apoptotic markers by 1,25 (0OH)2D3-3-BE
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Introduction

Therapeutic potential of 1,25-dihydroxyvitamin D3 (1,25(OH),D3) in prostate cancer is well-recognized.
However, its clinical use has been restricted by its inherent calcemic toxicity. In recent studies we
demonstrated that 1o.,25-dihydroxyvitamin Ds-3-bromoacetate [1,25(OH),D3-3-BE], a derivative of
1,25(0H),D3 that covalently links 1,25(OH),Ds inside the ligand-binding pocket of nuclear vitamin D receptor
(VDR) is a strong antiproliferative and pro-apoptotic agent in several androgen-sensitive and androgen-
refractory human prostate cancer cells. Furthermore, in a preliminary study 1,25(OH),Ds-3-BE showed strong
anti- tumor effect in a mouse model of prostate cancer without significant toxicity. The goal of this project is to
evaluate translational potential of 1,25(0OH),D3-3-BE as a therapeutic agent for prostate cancer. This will be
achieved by determining the efficacy of 1,25(0OH),Ds-3-BE in mouse models of human androgen-sensitive and
androgen-insensitive prostate cancer, as well as evaluating its molecular mechanisms of action in in vitro
studies.

Svynthesis of 1,25(0H),D3-3-BE

Success of all the studies included in this project are critically dependent on the availability of
1,25(0H),D3-3-BE in substantial quantities. In the past we synthesized this compound in a multi-step scheme
using 1,25-dihydroxy-7-dehydrocholesterol as the starting material (R. Ray, S.A. Holick, and M.F. Holick.
Synthesis of a photoaffinity-labelled analog of 1,25-dihydroxyvitamin D3. Journal of the Chemical Society,
Chemical Communications 11: 702-703, 1985). However, this starting material is no longer available.
Therefore, we had to devise a synthetic scheme for obtaining substantial quantity of 1,25(OH),Ds-3-BE
required for our studies by a scheme shown below.

Synthetic procedures:

a. 3-TBDMS ether of 25- hydroxywtamm D3-SO, adduct (B): Approximately 10 ml of SO, was condensed

: (-78°C) in a flask containing 200 mg of 25-
hydroxyvitamin Ds in a flask fitted with a trap that was
cooled with dry ice-acetone (-78°C). The yellow
solution was refluxed with stirring for 4 hours followed
by removal of SO, with a stream of nitrogen to produce
a foamy solid. The foam was dissolved in 5 ml of
anhydrous DMF (distilled fresh from CaO) and
TBDMSCI (1.5 X), imidazole (2 X) were added and
the solution was stirred at 25°C for 20 hours followed
by removal of DMF under vacuo, re-dissolving the
residue in EtOAc. The organic solution was washed
with water, organic layer was dried over anhydrous
MgSO,, and the solution was concentrated under
1:25(0HyD3-3-BE vacuo. The residue was moved on to the next step
without further purification.

OH OH

—_—
80, NaHCO3/
EtOH / Reflux

- .
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Imidazole /DMF

UV / Toluer

ne -EgN
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The scheme for the synthesis of 1,25(0OH),D;-3-BE

b. Trans-25-hydroxyvitamin D3-3-TBDMS ether (C): The crude from the previous step was dissolved in
95% EtOH (10 ml) and NaHCO3 (244 mg) was added. The mixture was refluxed under argon for 90 min
followed by addition of brine and extraction of the aqueous solution with EtOAc. The crude reaction product
was purified by preparative TLC (silica plates, 1000, Analtech) to produce 56.7% of the desired product (C).
C. Trans-10,25-dihydroxyvitamin D3-3-TBDMS ether (D): A mixture of (C) (760 mg) and SeO, (192 mg)
in 15 ml of anhydrous CH,Cl, was refluxed under argon for 30 min followed by cooling to room temperature
and addition of a solution of N-methylmorpholine-N-oxide (850 mg) in 15 ml of anhydrous CH,Cl,. The



mixture was refluxed for an additional 60 min when TLC indicated almost complete reaction, and refluxing was
stopped. The mixture was filtered and concentrated under vacuo. The crude reaction product was purified by
preparative TLC to produce almost a quantitative amount of the desired product (D).
d. la,25-Dihydroxyvitamin D3-3-TBDMS ether (E): 80 mg of (D), anthracene (10 mg), EtsN (40 pl) in 10
ml of toluene (in a quartz test tube) was irradiated from a Hanovia medium pressure mercury arc lamp for 75
min. The irradiated solution was concentrated and the crude mixture was purified by preparative TLC (1000 p
plate, 4:1 EtOAc-hexanes, multiple elutions, the desired product (most polar of all the photo-products) was
isolated as a gummy liquid in 67% yield.
e. la,25-Di-tetrahydropyranyl, 3-TBDMS ether of 1a,25-dihydroxyvitamin D3 (F): A solution of (E) (35
mg), DHP (60 pl) and a few crystal of PPTS in 1.0 ml of anhydrous CH,CI, was stirred for two days followed
by preparative TLC procedure to produce 34 mg (74%) of the desired product (F).
f. l1a,25-Di-tetrahydropyranyl,la,25-
dihydroxyvitamin D3 (G): A solution of
(F) (17 mg) and 20 pul of TBAF (1M in
THF) was dissolved in anhydrous THF (1
ml) and stirred for 20 hours. The reaction
mixture was diluted with EtOAc, washed
with brine, dried over anhydrous MgSOQsy,
concentrated and purified by preparative
TLC to produce guantitative amount of
(G).
g. la,25-Di-tetrahydropyranyl,1a,25-
dihydroxyvitamin Ds-3-bromoacetate (H):
A solution of (G) (8 mg), DCC (2.5 X,
8.12 mg), DMAP (catalytic), bromoacetic
acid (1.5 X, 3.3 mg) in one ml of
anhydrous CH,Cl, was stirred for 20
hours followed by filtration of the
mixture, concentration of the filtrate by a
stream of nitrogen and preparative TLC
purification of the reaction mixture
produced quantitative amount of the
desired product (H).
h. la,25-Dihydroxyvitamin D3-3-bromoacetate: A solution of (H) (7 mg) was dissolved in 3 ml of AcOH-
THF-H,0 (4:2:1) and heated at 50°C for 20 hours. Volatile matters were removed under a stream of nitrogen
and the product was isolated by preparative TLC. Yield of the desired product 10,25-dihydroxyvitamin D3-3-
bromoacetate was quantitative. NMR spectrum of the product (1,25(OH),D3-3-BE), shown above corroborated
well with its assigned structure.

Cellular Studies:
A 1,25(0OH);D3-3-BE is superior to 1,25(0OH),Ds in inhibiting the growth of LNCaP (androgen-
sensitive), DU-145 and PC-3 (androgen-insensitive) prostate cancer cells:
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Figure 1: Dose-response study of 1,25(0OH),D,-3-BE or 1,25(0H),D, on the growth on the growth of DU-145 cells. Cells were treated with 107-5M of

of LNCaP cells. Cells were treated with 107-°M of 1,25(0OH),D,-3-BE or 1,25(0OH),D, or 2 ’ . . - .

EtOH for 16 hours, and subjected to 3H-thymidine incorporation assay in the usual 1,25(0H),D, 3 BE or 1,25(0H),D; or EtOH in s_erum con3ta|n|ng me.dla for

fashion. 48 hours (dosings at 0 and 24 hours), and subjected to 3H-thymidine

incorporation assay in the usual fashion




Table 1:  Trypan blue assay to determine the effect of 10-7M of 1,25(0OH),D,-3-

BE or 1,25(OH),D; on the growth of PC-3 cells

various doses 1,25(0OH),Ds-3-BE and 1,25(0OH),Ds in
serum-containing medium for 16-48 hours followed by

Sample % Inhibition % Live
Ethanol Control 0 100
1,25(0H),D, (107M) 0 106.7

1,25(0H),D;-3-BE (10”7M) 66.7

333

3H-thymidine incorporation assay (LNCaP and DU-
145) or Trypan Blue assay for PC-3 cells. Results of
this assay demonstrate that 1,25(0OH),Ds-3-BE is
strongly antiproliferative in all the cell-lines.

However, equivalent amounts of 1,25(OH),D3 showed
significantly lower or no effects in these cells (Figures

100.0%

90.0% -

-

80.0%

o

700%
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% Control EtOH)

200% o

10.0% -

0.0%

==
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Figure 3 : 3H-thymidine incorporation assays of DU
Cells were treated with 10
1,25(0H) ,D; or ethanol (control) in serum

1,25(0H) ,D,

for 48 hours (two dosing at 0 and 48 hours) followed by
thymidine incorporation assays in the usual fashion.

1,25(0H) ,D;-3-BE

-145 cells.

M of 1,25(0OH) ,D,-3-BE, EB -108,
-containing medium

3H-

1& 2,and Table 1).

B. Comparison of the effects of 1,25(0OH),D3-3-BE,
1,25(0OH),D3; and EB-1089 in DU-145 cells:

At present EB-1089 is the most promising non-calcemic analog
of 1,25(0OH),Dj3 that has shown strong promise in inoperable
hepatocellular carcinoma (Dalhoff K, Dancey J, Astrup L, Skovsgaard
T, Hamberg KJ, Lofts FJ, Rosmorduc O, Erlinger S, BachHansen J,
Steward WP, Skov T, Burcharth F, Evans TR. A phase Il study of the
vitamin D analogue Seocalcitol in patients with inoperable

hepatocellular carcinoma. Brit. J. cancer 89: 252-257, 2003). We compared the antiproliferative effect of EB-
1089, 1,25(0H);D3 and 1,25(0H),D3-3-BE in DU-145 cells by *H-thymidine incorporation assay. As shown in
Figure 3, only 1,25(0OH),Ds-3-BE showed a strong antiproliferative effect in DU-145 cells.

C.

1,25(0OH),D;
-treated

Vehicle
-treated

1,25(0OH),D;-3-BE
-treated

Figure 4: Microscopic appearance of LNCaP cells treated for 16 hours
with EtOH (vehicle) or 10°M of 1,25(OH),D,-3-BE or 1,25(0H),D;.

Microscopic appearance of LNCaP cells dosed with 1,25(0OH),D3-3-BE or 1,25(0OH),Ds:

LNCaP cells were dosed with 10°M of 1,25(0H),Ds-3-BE or
1,25(0OH),D3 for 6 hours and cells were visualized with a phase-
contrast microscope. As shown in Figure 4, 1,25(0OH),D3-3-BE-dosed
cells appeared to round up and lift off the plate, denoting cell-death,
while 1,25(0OH),D3 or EtOH (control)-treated cells appeared normal.

D. Tumorigenic PC-3 cells are sensitive to 1,25(0OH),D3-3-BE-
treatment, but normal RWPE-1 prostate cells are not:

PC-3 and RWPE-1 cells were dosed with 500 nM of

Vehicle control

PC-3
(Tumorigenic)

RWPE-1
(Non-tumorigenic]|

Figure 5: Confocal image of PC-3 (tumorigenic) and RWPE-1 (non-
tumorigenic prostate cells): treated with 500 nM of 1,25(0OH),D,-3-BE
or EtOH for 24 hr in full serum medium; green: live cells, red: dead cells

500 nM 1,25(0H),D,-3-BE

1,25(0H),D3-3-BE or EtOH (control) for 24 hr, and treated
with dyes and visualized by confocal microscopy. As
shown in Figure 5, tumorigenic PC-3 cells showed
extensive cell-death, but not RWPE-1 normal cells. These
results suggested that normal prostate cells may not be
sensitive to 1,25(0OH),Ds-3-BE-treatment, but cancer cells
are. This is a very interesting finding if we are to develop
1,25(0H),D3-3-BE as a therapeutic agent for prostate
cancer.

Mechanistic Studies

A. 1,25(0OH),D3-3-BE causes apoptosis in prostate

cancer cells:



Results of Figure 4 suggests that 1,25(0OH),D3-3-BE causes programmed cell death (apoptosis) in
LNCaP cells. This phenomenon was confirmed in DU-145 cells, where treatment with 1,25(0OH),Ds-3-BE
increased caspase 3/7 activity, a marker for apoptosis, while caspase 3/7 activity was not induced in
1,25(0H),D3 and EtOH-treated cells (Figure 6). This phenomenon was further confirmed in PC-3 cells in
which 1,25(0OH),D3-3-BE-treatment caused 81% cells to undergo apoptosis, while only approximately 5-6%

25000

cells underwent apoptosis by 1,25(0OH),D3 or EtOH-treatment

20000 T

15000

10000

Fluorescence

5000

Control 1,25(0H),D,
Figure 6: Caspase 3,7 activity assay in DU-145 cells following

treatment with 10-°M of 1,25(0OH),D and 1,25(0OH),D5-3-BE

1,25(0H),D,-3-BE
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Figure 8: PARP-cleavage analysis of DU-145 cells treated with
10-7M of 1,25(0H),D; or 1,25(0H),D,-3-BE

(Figure 7).

B. Apoptosis by
1,25(0OH),D3-3-BE

doesn’t involve

PARP-cleavage:

A i B c

" 81% |
6% '

5.2% ‘I

In many cells
apoptosis is
accompanied by

PARP-cleavage, but in DU-145 cells 1,25(OH),D3-3-BE-induced
apoptosis did not appear to involve PARP-cleavage (Figure 8).

C. 25-Hydroxyvitamin D;-3-BE (25-OH-D3-3-BE) inhibits

Akt-phosphorylation in DU-145 cells:

Figure 7:  FACS analysis of PC-3 cells treated with EtOH (control) or
10°M of 1,25(0H),D,-3-BE or 1,25(0H),D, for 12 hours.

A: PC-3 + EtOH (control); B: PC-3 + 1,25(0OH),D, (10-°M);

C: PC-3 + 1,25(0H),D,-3-BE (10¢M).

2

<

P-AKT = — c—

145 cells (Figure 9).

Akt is a pro-survival protein in the PL3K/PTEN pathway.
Many antiproliferative agents inhibit phosphorylation of Akt as a
part of their mechanism to inhibit growth of cancer cells. We
. & observed that 25-OH-Ds-3-BE, a counterpart of 1,25(0OH),Ds-3-BE
o &s@w {,p\*‘” without the 1-hydroxyl group, inhibits Akt-phosphorylation in DU-

D. Modulation of 1,25-dihydroxyvitamin D3-24-hydroxylase

(CYP24-OHase) gene by 1,25(0OH),D3; and 1,25(0OH),D3-3-BE in

AKT . — —

Figure 9: DU-145 cells were treated for 6 hours with
10-M of 1,25(0H),D; or 1,25(0H),D,-3-BE or EtoH,
followed by Western Blot analysis for p-Akt

LNCaP cells:

The CYP24 gene product CYP24-OHase catalyzes the
introduction of a hydroxyl group at the 24-position in 1,25(0OH),D3,

followed by multiple oxidations of the side chain leading to calcitroic

acid, the final catabolite that is excreted. Therefore, CYP24 is the

1,25(0H),D, (nM): 0 10 100 10 100 0 0 0
1,25(0H),D,-3-BE(nM): 0 0 0 0

ZK159222 (uM): 0 0 0 1 10 0 0 1

24-OHase

B-Actin

on the 24-OHase gene-message in LNCaP cells: treated either alo
the presence of an excess of 1,25(0OH),D;-antagonist, ZK 159222.

0 10 100 10 100

Figure 9: Effects of various doses of 1,25(0OH),D; or 1,25(0OH),D4-3-BE

0 initiator of the catabolic degradation of 1,25(OH),D3 in vivo.

10

1,25(0H),Ds.

ne orin

Furthermore, CYP24 gene is a VDR-inducible gene. We
hypothesized that covalent attachment of 1,25(0OH),D3-3-BE
deep inside the ligand binding pocket of VDR will prevent it
from reacting with CYP24-OHase and decrease its
catabolism. In essence it would require more 1,25(0OH),D3-3-
BE to induce the same level of CYP24 message as

Results of this experiment, shown in Figure 9,
demonstrate that treatment of LNCaP cells with 10”'M of

1,25(0OH),D5 strongly induces CYP24-message, and moderately with 10°M. In the case of 1,25(0H),D3-3-BE,

8



induction of CYP24 mRNA is observed only at 10”M, and intensity of message is similar to 10®M of
1,25(0OH),D3. These results demonstrate a log scale difference in inducing the message for CYP24 between
1,25(OH)2D3 and 1,25(OH)2D3-3-BE.

To further investigate the requirement for VDR in 1,25(0OH),D3-3-BE action, we used a VDR- specific
antagonist, ZK159222 which has been shown to be effective in blocking VDR- mediated gene regulation.
Therefore, LNCaP cells were treated with either 1,25(0OH),D3-3-BE or ZK 15922 alone or in combination, and
the levels of CYP24 mRNA analyzed by RT-PCR.

In our experiment we observed that CYP24-message (by 1,25(0OH),D3 and 1,25(0OH),D3-3-BE) was
reduced by ZK 15922 in a dose-dependent fashion, and completely obliterated with 10*M (of ZK15922).
Collectively these results strongly suggest that cellular effects of 1,25(OH),D3-3-BE in LNCaP prostate cancer
cells are VDR-dependent.

Bio-availability study: 1.25(OH),D;-3-BE remains in circulation for at least up to six hrs in mice:

Normal Balb C mice were dosed (i.p.) with 2 pg/kg of
1,25(0OH),Ds-3-BE or vehicle (5% DMA in sesame oil). The
Matrix animals were sacrificed at 0.5, 1.0, 2.0, 4.0 and 6.0 hours, blood
was withdrawn by cardiac puncture and sera made. Serum
samples were extracted with ethyl acetate and analyzed in a
HPLC/MS (Voyager). As shown in the Fig. 10, a serum sample (4
hr-treatment, a representative sample) contains a peak for
1,25(0OH),Ds-3-BE. Matrix sample and control sera samples do
not contain this peak. This peak was visible at least up to 6 hr,
indicating that 1,25(OH),Ds-3-BE remains in circulation for at

Serum-sample
P least 6 hr.

1,25(0H),D,-3-BE

\ Determination of maximum tolerable dose (MTD) of
1.25(OH),D;-3-BE:

Twenty (20) male nu/nu mice, 6 weeks old (Charles River
Figure 10: MS/MS analysis of organic-extract of serum Laboratories, Wilmington, MA) were grouped in five (5) animals
sample of a mouse injected with 1,25(0H),D,-3-BE for 4 hr. | - gach and injected (i.p.) with either vehicle (sesame oil) or 0.75
1,25(0OH),D,-3-BE is indicated by an arrow (bottom). Note: .
Matrix spectrum does not contain the 536.07 mass Mg/kg, 1.0 pug/kg and 1.25 pg/kg of 1,25(0OH),Ds-3-BE (in sesame
peak present in serum sample. oil) on every third day. Mice were observed for sign of toxicity

including lack of apetite, weight loss, lethargy etc. After seven (7) injections three (3) mice (out of a total of 5)

receiving 1.25 pg/kg of 1,25(0OH),Ds-3-BE died, and the experiment was stopped.

Dose Number Dead
Sesame oil 0
0.75 ng/Kg 0
1.0 pg/Kg 0
1.25 pg/Kg 3

Based on the results shown in the above table MTD of 1,25(0OH),Ds-3-BE was ascertained to be
between 1.0 — 1.25 pg/kg.

1.25(0OH),D;-3-BE inhibits the growth of established hormone-refractory tumor in a mouse xeonograft
model (p.o. and i.p. administrations):




Male, athymic mice (average weight 20 gm), fed normal rat chow and water ad /ib were inoculated with
culture-grown DU 145 cells in the flank. When the tumor size grew to approximately 100 mm® the animals
were randomized into groups of ten (10), and they were given 1,25(0OH),Ds-3-BE, 1,25(OH),Ds, EB-1089, and
vehicle (5% dimethyl-acetamide, DMA in sesame oil) by oral gavage (p.o.) or intraperitoneal injection (i.p.) on
every third day (when body weights were determined); and one group was left untreated (doses are noted in
Figures 11 & 12). Treatment started on day 11 and stopped on day 30; and animals were left untreated for two
(2) additional days when they were sacrificed and blood was collected for serum-calcium determination.

Summary of results:

PO. mode:
()

1,25(0H),D3-3-BE and 1,25(0OH),D3 (each 0.5 ug/kg) showed a strong and similar anti-tumor effect

(Figure 11A), far greater than 0.5 ug/kg and 1.0 ug/kg of EB-1089. Molecular weights of 1,25(0OH),D3 and
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Figure 11A: Effect of 1,25(0OH),D;, 1,25(0OH),D;-3-BE and EB-
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Figure 11B: Effect of 1,25(0OH),Dj3, 1,25(0H),D4-3-BE and
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1,25(0H),D3-3-
BE are 416.65
and 537.8
respectively.
Therefore
according to this
graph
1,25(0H),D3-3-
BE is
approximately
1.3-times more
efficacious than
an equimolar
amount of

(ii)

1,25(0H),D3 which caused significant toxicity (Figure 11B). EB-1089 was not toxic.
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1,25(0OH),D3-3-BE did not cause any gross toxicity, as reflected in body weight in contrast with

(i) Tumor
inhibitory effect of
1,25(0OH),Ds-3-BE
(0.1 pg/kg) was
similar to
1,25(0OH),Ds (0.5
ng/kg), and far
greater than 0.5
png/kg and 1.0
ng/kg of EB-1089
(Figure 12A).
Considering the
MWs of the
compounds,

1,25(0OH),Ds-3-BE is approximately 7-times more efficacious than an equimolar amount of 1,25(OH),Ds.

(ii)

1,25(OH),D; (Figure 12B). EB-1089 was not toxic.

1,25(0OH),Ds-3-BE caused some gross toxicity, as reflected in body weight, however it was less than
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Serum calcium: We waited for two additional days after stopping the dosing and sacrificing the animals.
Serum-calcium values of treated animals were not significantly different from controls (un-treated and vehicle-
treated, results not shown), demonstrating that 1,25(OH),D3-3-BE and 1,25(OH),Ds have no residual toxicity at
this dose (results not shown).

In general, oral administration of any drug is far more desirable than any injectable form. Therefore, the
p.o.-data is highly significant. Since 1,25(OH),D;-3-BE is non-toxic at 0.5 pug/kg, presumably considerably
higher dose can be used with a stronger anti-tumor effect and less/no toxicity. Zp. data support our hypothesis
that covalent attachment of 1,25(OH),D; (to VDR ligand-binding domain, via 1,25(OH),Ds-3-BE) will increase
its half-life, engage and keep VDR transcriptionally active for a longer period which may result in better
efficacy (7-times better in this case) but it may cause some toxicity. Dose-level can certainly be lowered to
obtain better efficacy/toxicity index.

Attempts to develop of a mouse xenograft model of androgen-sensitive human prostate tumor:

Our overall goal for this project is to determine the efficacy of 1,25(0OH),Ds-3-BE in both androgen-
sensitive, as well as androgen —insensitive human prostate tumor. As described above we have developed an
athymic mouse xenograft model for androgen-insensitive (DU-145) prostate tumor. However, all our attempts
to develop an androgen-sensitive prostate tumor model with androgen-sensitive prostate cancer cells failed.
Upon investigating this matter with researchers who have published on this model we obtained an unequivocal
response: it is ‘unpredictable’ at its best, and ‘extremely difficult’ at its worst.

There are several treatment-options for androgen-sensitive prostate cancer, but there is no therapy to
date of androgen-insensitive and metastatic prostate cancer. Therefore, demonstration of the efficacy of
1,25(0OH),D3-3-BE in reducing tumor-size in an androgen-insensitive tumor model is highly significant.

Summary of the abovementioned studies:

Q) Developed a synthetic scheme of 1,25(0OH),D3-3-BE to obtain large quantities of this compound that
will be required for future studies.

(i) Carried out growth assays in androgen-sensitive and androgen-insensitive prostate cancer cells to
demonstrate that 1,25(0OH),D3-3-BE is far superior than 1,25(OH),D5 in inhibiting the growth of several
prostate cancer cells.

(iii)  Demonstrated that 1,25(0OH),D3-3-BE does not inhibit the growth of normal prostate cells.

(i) Carried out several mechanistic studies to determine a. role of VDR in its cellular activities of
1,25(0H),D3-3-BE, and b. various pathways for its apoptotic and growth-inhibitory activities.

(iv)  Determined bio-availability 1,25(OH),D3-3-BE in mice.

(v) Determined maximum tolerated dose (MTD) of 1,25(0OH),Ds-3-BE in mice.

(vi)  Developed a mouse model of androgen-insensitive prostate cancer, and demonstrated that 1,25(OH),D3-
3-BE strongly reduces tumor size, and it is largely non-toxic, demonstrating a strong therapeutic potential of

1,25(0H),D3-3-BE in prostate cancer.

Completed projects/studies beyond the Specific Aims of this PCRP grant
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During the tenure of this grant we completed the tasks specified in the Specific Aims. In addition, we
initiated projects/carried out studies to (i) further investigate the potential of 1,25(0OH),D3-3-BE in prostate
cancer in terms of formulation and delivery, and (ii) evaluate therapeutic potential of 1,25(0OH),Ds-3-BE in
other malignancies.

Liposomal preparation of 1,25(0OH)»,D3-3-BE and demonstration that liposomal 1,25(0OH)>D3-3-BE
[(1,25(0H),Ds-3-BE) 1] is a significantly stronger antiproliferative agent than liposomal 1,25(0OH)>Ds in
prostate cancer cells:

Phospholipid liposomes are small, uniform particles that are made up of biocompatible phospholipids
and cholesterol; and they are designed to encapsulate drugs in the lipid-bilayer of the liposomes. Liposomal
formulation of 1,25(0OH),Ds-3-BE is designed increase circulatory half-life and efficacy resulting in an
improved therapeutic index for this vitamin D—based drug in prostate cancer.

oy
N
o

We made a simple liposomal preparation of 1,25(OH),D; and
1,25(0OH),D3-3-BE from cholesterol (1 pug), dimethylphosphotidyl
choline (DMPC) (20 pg) and 1,25(0OH),D; (1 pg) or 1,25(0OH),Ds-3-
BE (1 pg) by drying a chloroform solution in a stream of argon,
rehydration with PBS (2.5 ml) followed by mixing by brief vortexing
0 10°M and sonication for 15 min. The milky solution was incubated at 50°C

control ,25(OH),D, . . . . .
Liposome control mo ) for 50 min and frozen at -77°C for 20 min. This heating and freezing
2 » U3 . 0

cycle was repeated once, and the preparation was stored at 4°C for use

[
o
o

20

3 *%

£100 | s | in assays. These liposomal preparations were used in growth assays
g0 ] in DU-145 cells.
Q 60 — B
% a0
® 20| S Results (Figure 13) show that growth inhibitory effect of liposomal
0 om - 1,25(0OH),Ds-3-BE (10'7M) is significantly stronger than naked
E1OH control 125(01):D--BE 1,25(0H),Ds-3-BE (Figure 13B). 10° M of liposomal and naked

Liposome control &2 (1,25(0H),D4-3-BE) . . .
e 1,25(0OH),D5-3-BE almost killed all the cells, while an equivalent
Figure 13: 3H-Thymidine assays of DU-145 cells treated

with naked or liposomal 1,25(0H),D; or 1,25(0H),0,3:8 | amount (10°M) of liposomal and naked 1,25(OH),D; had no effect on

and controls (EXOH or blank fiposome) cell-growth (Figure 13A). These results make a strong case
developing tumor-targeted, pH-sensitive stealth liposomes of 1,25(OH),D3-3-BE for further development.
Results of this study are delineated a recent publication [Liposomal 1,25-dihydroxyvitamin D3-3p3-bromoacetate
is a stronger growth-inhibiting agent than its un-encapsulated counterpart in prostate cancer cells. K. S.
Persons, S. Hareesh, V. J. Eddy, R. Ray, Journal of Steroid and Hormonal Science (In Press, attached)].

Extending our studies with 1.25(0OH),D;-3-BE beyond prostate cancer into other malignancies:

1,25(0OH),D3 has shown promise in many cancers and other diseases. Therefore, we explored
therapeutic potential of 1,25(OH),Ds-3-BE in other cancers, particularly pancreatic and kidney cancers, where
therapeutic options are extremely limited.

Screening of cancer cells, other than prostate cancer for anti-proliferative activity of 1,25(0OH),D3-3-BE

A summary of these studies are given below.

0] 1,25(0OH),D3-3-BE strongly inhibited the growth of several cell-lines of pancreatic, renal, colon cancers,
but not breast cancer. 1,25(0OH),D3-3-BE was also found to be highly effective in leukemia cells.
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(i) We have carried out extensive studies on the effect of 1,25(OH),Ds-3-BE on renal cancer, including in
vivo studies in a mouse model of renal cancer. These results are included in a recent publication from our group
[A vitamin D receptor-alkylating derivative of 1a, 25-dihydroxyvitamin D3 inhibits growth of human kidney
cancer cells and suppresses tumor growth. J. R. Lambert, V. J. Eddy, C.D. Young, K.S. Persons, S. Sarkar,

J.A. Kelly, E. Genova, M.S. Lucia, D.V. Faller, R. Ray. Cancer Prevention Research (In Press, attached)].

(i) 1,25(0OH),Ds-3-BE displayed strong activity in several pancreatic cancer cells. In addition
1,25(0H),D3-3-BE showed strong synergistic activity with AICAR (a metformin group of compound). These
results are described in our recent publication [Anti-growth Effect of 1,25-Dihydroxyvitamin Ds-3-
bromoacetate Alone or in Combination with 5-Amino-imidazole-4-carboxamide-1-B-4-ribofuranoside in
Pancreatic Cancer Cells. K.S. Persons, V.J. Eddy, S. Chadid, R. Deoliveira, A.K. Saha, R. Ray. Anticancer
Research 30:1875-80, 2010] (attached).

KEY RESEARCH ACCOMPLISHMENTS

. Demonstrated strong growth-inhibitory activity of 1,25(0OH),D3-3-BE in cells from prostate, kidney, and
pancreatic cancers.

. Launched several mechanistic studies to evaluate the molecular pathway of action of 1,25(0OH),D3-3-
BE.

. Developed mouse models for androgen-sensitive prostate cancer and kidney cancer, and demonstrated

strong anti-tumor activity of 1,25(0OH),Ds-3-BE.

. Showed strong synergistic activity of 1,25(0OH),D;-3-BE with AICAR (in pancreatic cancer cells), and
sorefenib in kidney cancer cells (results not shown).

. Demonstrated that 1,25(0OH),D3-3-BE can potentially be developed as a therapeutic agent for several
cancers.

REPORTABLE OUTCOME

During the tenure of this grant our efforts with 1,25(OH),D;-3-BE has generated ten (10) peer-reviewed
publications (copies attached in the appendix), several abstracts (three attached in the appendix), one book
chapter (copy attached in the appendix) and three invited lectures (included in the appendix).

CONCLUSION

Our effort for the past five years has established the groundwork for developing 1,25(0OH),Ds-3-BE,
either alone or in combination with other chemotherapeutic agents for several cancers.
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APPENDIX

Meeting Abstract 1:
IMPACT meeting, Atlanta, GA, September 5-8, 2007
A NOVEL VITAMIN D COMPOUND FOR PROSTATE CANCER

Rahul Ray; James Lambert (University of Colorado Health Science Center, Aurora, CO), Sibaji Sarkar, Kelly S.
Persons.

Numerous epidemiological studies have demonstrated the importance of dietary vitamin D in preventing
various cancers, including prostate cancer. In addition, therapeutic potential of 1,25-dihydroxyvitamin D3
(1,25(CH),Ds), the biologically active metabolite of vitamin D, and its analogs in cancer is well-documented.
However, inherent calcemic toxicity of this hormone, particularly at therapeutic doses, has prevented its general
use as an anticancer agent, and opening the door for the development of vitamin D analogs with potent
antiproliferative activity and reduced systemic toxicity.

Prostate cancer cells respond to 1,25(OH),D3 by decreasing proliferation and enhancing differentiation.
These cell-regulatory processes result from a strong and specific interaction between 1,25(0OH),D3 and vitamin
D receptor (VDR) present in the nucleus of the tumor cells. With financial support from the Department of
Defense Prostate Cancer Research Program, Fiscal Year 2005 Idea Development Award we have developed a
novel derivative of 1,25(0OH),D3 [1,25-dihydroxyvitamin D3-3-bromoacetate, 1,25(0OH),D3-3-BE] that
covalently attaches 1,25(OH),D3 inside the ligand-binding pocket of VDR. We hyothesized that covalent
attachment of 1,25(0OH),D5 (via 1,25(0OH),D3-3-BE) inside the VDR-binding pocket will not allow the catabolic
enzymes to degrade 1,25(0OH),Ds, and effectively increase the potency of 1,25(0OH),D3. As a result lesser
amount of 1,25(0OH),D3;—3-BE will be required for tumor-reduction with diminished toxicity.

In vitro assays of 1,25(OH),D3-3-BE demonstrated that this compound has strong growth-inhibitory
property in several hormone-sensitive and hormone-insensitive prostate cancer cells (LNCaP, PC-3, DU-145,
LAPC-4). This growth-inhibitory effect is considerably stronger than an equimolar amount of 1,25(0OH),Ds.
Furthermore, we observed that 1,25(0OH),Ds-3-BE induces programmed cell death or apoptosis in these cells
(contrary to 1,25(0OH),D3) as demonstrated by fragmentation of nuclear DNA and activation of pro-apoptotic
caspases. Most importantly preliminary in vivo studies showed that 1,25(0OH),D3-3-BE strongly reduces
androgen-refractory prostate tumor (DU-145) in a mouse xenograft model without causing significant toxicity.
These results demonstrate strong therapeutic potential of 1,25(0OH),D3-3-BE in prostate cancer.

Aphios Corporation, Woburn, MA has procured the exclusive right to use this compound in prostate
cancer. They are in the process of making liposomal preparations of 1,25(OH),Ds-3-BE in anticipation of
clinical trial. Furthermore, 1,25(0OH),D3-3-BE
has shown very strong promise in pancreatic, renal and bladder cancers.

In summary, we have used funds from DOD, PCRP to develop a vitamin D compound with strong
therapeutic and commercial potential for prostate and other cancers.

IMPACT: No therapy is currently available for prostate cancer, localized or metastasized that fail to
respond to androgen therapy. Our results demsonstrtate that 1,25(OH),D3-3-BE, a derivative of 1,25(0OH),Ds,
has a strong therapeutic potential in such malignancies.

Meeting Abstract 2:

Nano Science and Technology Institute, Annual meeting, Santa Clara, CA, May 20-24, 2007.
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Nanosomal formulation of a vitamin D receptor alkylating compound for prostate cancer. Rahul Ray’,
and Trevor Castor®. 'Boston University School of Medicine, Boston, MA 02118, 617-638-8199, FAX 617-638-
8194, bapi@bu.edu, and Aphios Corporation, Woburn, MA 01801, 781-932-6933, FAX 781-932-6865,
tcastor@aphios.com (Cancer Ligands)

Prostate cancer is the second leading cause of cancer death in men in the US. The mainstay of
chemotherapy includes androgen-deprivation. However, no therapy is currently available for prostate cancer,
localized or metastasized that fail to respond to androgen therapy. In addition to androgens, prostate cancer
cells respond to 1,25-dihydroxyvitamin D3 (1,25(OH),D3) by decreasing proliferation and enhancing
differentiation. Furthermore, most cancer cells contain nuclear vitamin D receptor (VDR) that is responsible for
the biological actions of 1,25(0OH),D3;. However, use of 1,25(0OH),D3 has been seriously limited by risk of
hypercalcemia and hypercalciuria at pharmacological doses.

Interaction between 1,25(OH),D; and VDR is an equilibrium process. Therefore, in the steady state a
finite amount of free 1,25(OH),D; (not bound to VDR) is always present in the equilibrium mixture, which
undergoes rapid catabolic degradation. From a therapeutic standpoint such catabolic degradation is met
clinically with high doses that cause toxicity. Therefore, if catabolic degradation of 1,25(OH),Ds is reduced or
eliminated its therapeutic potency can be enhanced significantly.

1a,25-Dihydroxy vitamin D3-3-bromoacetate (1,25(OH),D3;—3-BE) is a derivative of 1,25(0OH),D3
which reacts specifically with a single Cysteine residue in the ligand binding pocket of VDR. We argued that,
1,25(0H),D3-3-BE, once covalently linked to VDR, cannot exit the binding pocket; making it an irreversible
process. Furthermore, 1,25(0OH),D3;—3-BE, covalently linked inside VDR binding pocket is prevented from
interacting with catabolic enzymes. We hypothesized that such a process will increase the effective
concentration of 1,25(0OH),Ds; and lesser amount of 1,25(0OH),D3;—3-BE will be required for tumor-reduction
with diminished toxicity.

In vitro tests of 1,25(0OH),D;-3-BE demonstrated that this compound has strong growth-inhibitory and
apoptosis-inducing properties in several hormone-sensitive and hormone-insensitive prostate cancer cells
(LNCaP, PC-3, DU-145). This growth-inhibitory effect was significantly stronger than an equimolar amount of
1,25(0OH),D3. Furthermore, 1,25(0OH),Ds-3-BE induces apoptosis in these cells contrary to 1,25(0OH),Ds.
Additionally, preliminary in vivo studies showed that 1,25(0OH),D3-3-BE is of low-toxicity, and it strongly
reduces androgen-refractory prostate tumor (DU-145) in a mouse xenograft model. On a molar basis
1,25(0H),D3-3-BE is approximately six (6) times stronger than 1,25(0OH),Ds in reducing tumor-size. Itis also
significantly less toxic than an equimolar amount of 1,25(0OH),D3. Therefore, 1,25(0H),D3-3-BE has a strong
therapeutic potential in prostate cancer.

Phospholipid nanosomes are small, uniform liposomes that are made up of biocompatible phospholipids
and cholesterol; and they are designed to encapsulate vitamin D drugs in the lipid-bilayer of the nansomes.
Nanosomal formulation of 1,25(0OH),D3-3-BE is designed to further reduce systemic toxicity, increase
circulatory half-life and efficacy resulting in an improved therapeutic index for this vitamin D—based drug in
prostate cancer.

In summary, novelty of our approach is development of a derivative of 1,25(0OH),D3 (1,25(0OH),D3-3-
BE) to kinetically engage VDR to increase the half-life of 1,25(OH),D3, and increase its potency, Nansomal
formulation will further increase its circulatory half-life and efficacy, and decrease toxicity.

Meeting Abstract 3:

Fourteenth Brown University Symposium on vitamin D, Providence, RI, June 22-23, 2007

Abstract:

Harnessing the pharmacodynamic properties of vitamin D analogs: an old wine in a new bottle. Rahul

Ray, Ph.D., Boston University School of Medicine, Boston, MA
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Therapeutic potential of 1,25(0OH),D3-analogs depends on their pharmacodynamic/ pharmacokinetic properties
including bioavailability and catabolic potential. Affinity labeling analogs of 1,25(OH),D3, that alkylate the
ligand binding pocket of vitamin D receptor (VDR) can potentially avoid catabolism with the resultant effect of
higher pharmacological efficacy at lower doses. 1,25-Dihydroxyvitamin D3-3-bromoacetate [1,25(OH),D3-3-
BE], a VDR-affinity alkylating analog of 1,25(0OH),D3 displays significantly stronger growth-inhibitory effect
than the parent hormone in prostate (androgen-sensitive and androgen-insensitive), kidney, pancreas and
bladder cancer cells, but not in breast, colon and lung cancer cells. 1,25(0OH),D3-3-BE also shows strong tumor
inhibition in a mouse xenograft model of androgen-insensitive prostate cancer. Probable mechanism of action
of this VDR-alkylating analog will be discussed.

Meeting Abstract 4:

13" World Congress on Advances in Oncology, and 11" International Symposium on Molecular
Medicine.October 9-11, 2008, Crete, Greece.

NUCLEAR TRANSCRIPTIONAL FACTORS AS MOLECULAR TARGETS FOR DRUG-
DISCOVERY AND DELIVERY
Rahul Ray, Ph. D., Department of Medicine, Boston University School of Medicine, Boston, Massachusetts,
USA

Nuclear vitamin D receptor (VDR) and estrogen receptor (ER) are ligand-activated transcriptional
factors for 1,25-dihydroxyvitamin D3 (1,25(0OH),D3) and estrogen (E2) respectively; and are key players in
manifesting antiproliferative (for 1,25(0OH),D3) and proliferative (for E2) properties of these ligands in cancer
cells. VDR is our target for developing potential therapeutic agents for cancer. We have developed 1,25-
dihydroxyvitamin D3-3-bromoacetate (1,25(0OH),Ds-3-BE), a derivative of 1,25(0OH),D3 that affinity alkylates
the ligand-binding pocket of VDR in target cells, thereby activating the transcriptional machinery, but
eliminating/reducing its own catabolic degradation. Thus, we hypothesize that enhanced pharmacokinetic
property of 1,25(OH),Ds-3-BE might increase its antiproliferative property in cancer cells. We observed that
1,25(0H),D3-3-BE strongly inhibits the growth of prostate (androgen-sensitive and androgen-insensitive),
kidney, pancreas and bladder cancer cells. Mechanism of growth-inhibition (by 1,25(0OH),D3-3-BE) includes
cell cycle arrest, apoptosis and autophagy. In addition, 1,25(0OH),D3-3-BE down-regulates the message for
1a,25-dihydroxyvitamin D3-24-hydroxylase (CYP24) gene attesting to its decreased catabolism as predicted by
our hypothesis. Furthermore, 1,25(0OH),Ds-3-BE strongly reduced androgen-insensitive prostate tumor growth
in a mouse xenograft model. Therefore, 1,25(0OH),D3-3-BE has a strong therapeutic potential in several
malignancies. On the other hand, we have targeted ER in ER-positive breast cancer cells for the selective
delivery of a phototoxin (porphyrin) which can be activated (for cytotoxicity) by treatment with visible light.
We have demonstrated that synthetic conjugates of estrogen and tamoxifen with a porphyrin are selectively
taken up by ER-positive, but not by ER-negative breast cancer cells. Furthermore, highly selective and efficient
cell-kill can be achieved only in ER-positive breast cancer cells with these conjugates upon exposure to red
light. Therefore, this combination approach, including phototoxin conjugates of estrogen or anti-estrogen and a
treatment-modality can potentially be applied clinically for hormone-sensitive cancers in organs where ER is
significantly expressed. In summary, our studies have demonstrated that molecular targeting of transcriptional
factors has significant benefits in drug development, delivery and therapy.

Invited Lectures:
Indian Institute of Chemical Biology, Kolkata, India, May 24, 2007
Title: Group specific component: a protein that wears multiple hats
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University of Calcutta, Kolkata, India, Department of Biotechnology, April 28, 2008
Title: Signal transduction via nuclear receptors: biochemistry, structural biology and therapeutic targets.

Chittaranjan National Cancer Institute, Kolkata, India, July 8, 2009
Title: Vitamin D and cancer: vitamin D-based therapeutic agents for cancer.

Peer-reviewed publications (2004-2010)

* Swamy, N., Chen, T.C., Peleg, S., Dhawan, P., Christakos, S., Stewart, L.V., Weigel, N.L., Mehta, R.G.,
Holick, M.F., Ray, R. Inhibition of proliferation and induction of apoptosis by 25-hydroxyvitamin D3-3

bromoacetate in prostate cancer cells. Clinical Cancer Research 10:8018-8027 (2004).
» Swamy, N., Purohit, A., Fernandez-Gacio, A., Jones, G.B., Ray, R. Nuclear Estrogen Receptor Targeted
photodynamic therapy: Selective uptake and killing of MCF-7 breast cancer cells by a C”a-al kynylestradiol-

porphyrin conjugate. Journal of Cellular Biochemistry 99:966-977 (2006).

« Fernandez-Gacio, A,., Fernandez-Marcos, C, Swamy, N, Dunne, D, Ray, R. Photodynamic cell-kill analysis of
breast tumor cells with a tamoxifen-pyropheophorbide conjugate. Journal of Cellular Biochemistry 99:665-
670 (2006).

 Lambert, J.L., Young, C.D., Persons, K.S., Ray, R. Mechanistic and pharmacodynamic studies of a 25-
hydroxyvitamin D3derivative in prostate cancer cells. Biochemical & Biophysical Research Communications

361:189-195 (2007).
* Ray, A., Swamy, N., Ray, R. Cross-talk among structural domains of human DBP upon binding 25-
hydroxyviatmin D3. Biochemical & Biophysical Research Communications 365:746-750 (2008).

« Swamy, N., Ray, R. Fatty acid binding site environments of serum vitamin D-binding protein and albumin are
different. Bioorganic Chemistry 36:165-168 (2008).

* Kaya, T., Swamy, N., Persons, K.S., Ray, S., Mohr, S.C., Ray, R. Covalent labeling of nuclear vitamin D
receptor with affinity labeling reagents containing a cross-linking probe at three different positions of the parent
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tionally develop therapeutically imponiant vitamen I3 analogs for o
broad ranpe of diseases, including cancer.

The 25-hydroxyvitamin [, {25-0H-1, ). the metabolic pre-
cursor of 1, 2500H,D,, has a significantly reduced W IR-hind-
ing affinity. As 3 result, 25-0H-Iy is ool comsidered io b
bivlopically active. Additionally, it is nontoxic [semam conced-
tration of 23-0H-0, is 40 o 100 ng'mL versus B i 10 paiml
for 1 25(0HLD,]. We hypothesized that if 75-0H-1, could be
covalently attached to the hormone-bhinding pocket of ape- VIR,
it might be possible 10 convert the lafier inko ranscriptionally
sctive holo-form. This would make 25-0H-0y, biologically ac-
tive. Forthermore, it méght be possible to transiste the nomloxic
naiwre of 25-0H-1, into its VOR-olkylating analog Recenily,
we showed that 15-hydroxyetamin Dy-38-(2-bromoscetnio
{25-0H-1,-3-BE), a derivative of 15-0H-10,, specifically alky-
lated the hormone-binding pocket of VDR (12). Therefore,
25-0H-D,-3-BE became on ideal condidsie to validole ouor
hypathesis.

In the presem stady, we investigated the effect of 25-0H-
[5-3-BE i a set of normal and malignant cell lines and ob-
served Lhat antiprolifermbve propery of 25-0H-D,-3-BE was
must prooounced in prostute cancer cells. In sddition, we ob-
served that 25-0H-0,-1-BE caused apoptosis i prostate cancer
cells; an observation supporied by DNA frapmentstion and
caspase-activation sudies. Mechanistic sindes showed that the
effects of 25-0H-Dy-3-BE were medinted by Y IHL Moreover in
a U1 mouse modal, it was observed that 25-0H-D,-3-BE did
niot raise semm calciwem beyvond controd al doses considered 1o
be highly toxic for | 230HLD, ond many of its symibetic
analops. Fesulis of these stodies and their implications am
discussed in this communication.

MATERIALS AND METHODS

The 2530H-1N-3-BE was synthesized sccording 0 oar
published procedure {13). The majonty of the chemicals wern
parchased from Sigma-Aldnich (56 Lous, MO pniess men-
tionad otherwise. The hVDER expression vector pAYVRYDER was
a generoigs gift from Dy, Wesley Pike (University of Wisconsin,
Madizon, W, All of the cell lines were oblaéned from Amer-
ican Type Culture Collectson (Mana==smas, VA), except LAPCS
cells that were obiained from the Inboratory of Chardes Saaryers
{Depariment of Medicine, University of Caltfomia at Los An-
peles, Los Angeles, TA)

Mule CI-1 mice & o B weeks old, averngs weight 30 g
were puchased from The Jackson Labormtory {Bar Harbor,
MEN. They were boused in cages of five (5) in 3 group and were
fod rai chow and woler ad lib. Andmal experiment was carmied
ot in the snimal facility of Boston University School of Med-
icine wilh simct sdhereoce 0 the goidelines of Labormtory
Animal Safety Commitiee. Seram calcinm values in blood sam-
ples were determined af the Core Chemisiry Laborsiory of
Bostoen University Medscal Center.

Cell Colture. PZ-HPY-T cells were grown in MCDB
maxdia conlaining pewitary extract, epidermal growth factor, and
1% penicillin'strepiomycin. Kertinooytes were also groam in
ihe same media with additional PG and insulin. PC-3, LNCaP,
and DA-145 cells were grown in BPMI containing 109% felal
hovine semum (FBS) and angibiotics. MOF-T cells were grown in

DMEM coolnining 10% FBS and anfibsotics. LAPCA cells
were maintained in IMEM containing antibiotics including 1%
L-glutamine and [0 nmoll. of RIER], a synibelic propestin
MC3T3 cells were grown i cMEM containing 105 FBS and
antibiotics. In general, cells were grown in 35-mm dishes 1o 70
to 809 confluence and then plated into 24-aell plates in respec-
tive madin. After the cells grew to ~70% confluence, they were
senem-starved fior 20 howrs (PC-3, LNCal®, and T7-145 cellsh
followed by ncubation with slieroid samples. Keratinoevies and
PZ-HPY-T cells, after reaching 70% confluence, were kapl in
MCDE media without additives for 20 hours before breabment
with sternids. In general, reagents were dissolved in EXOH, and
dilmion with the media was sdjusted in such 3 woy that con-
centration of EbOH was 0.1% v

In a separate expersment (cell counting), LAPC-4, LNCalP,
MCFE-7, and MC3T3 cells were groan to desired confluence and
treated with the reagents (without serum starvation) for 24 hours
(LNCaP', MC3T3, and LAPC-4) or 48 hous (MCF-T) with
EtOH vehicle or 25-0H-D5-3-BE (10 mol/L) or 125(0H),Dy
(107 mal/L). At the end of the experiment. cells were detached
with trypsin-EDTA and counted in a Coulter counter

Eemtinosytes, procured from pecnatal foreskin after over-
nighl irypsinization ai 4°C and resiment with 0.2% EDTA.
were grown in culure with 3 modhcation of the published
method (14). The 3T cells were platad ot 10° cells35-mm
tissue-cultune dish and were irradaled lethally afier 2 days with
a *Co source (5,000 mds). Kerstinocyies, in | mil. serum-free
medimm. wer plaed on lethally iomdisied 3T3 cells. When
these cells moched -~ 70% confluence. they were plated oo
24-wall plates. Each experiment was done on primary of
secondary kemtinocyie cultures obtained from differeat skin
samples.

The PHIThymidine Incorporation Assay. |n 3 tvpical
assay, cell wer prown to &0 1o MM confleence in 24-well
plates in respective media containing 1098 FRS, and serum
starved fior 20 hours, followed by treatment with vanious agends
(in 0.1% ethanofic solwtion) or EBOH (vehicle) in semm-con-
taining mediam for 16 0 1B hours. After the treabment, media
was remioved froem the wells and replaced with media containing,
["Hjthymidine ). 1j2Ci} per well, and the cells were incabated
for 3 hoars al 37°C. After this pericd, media was removed by
aspiration, and the cells were washad thoroaghly (2 = 0.5 mL)
with PES. Then ice-cold 3% perchlonc acid solation (0.5 mL)
was added o each well, and the celis were incubated on ice for
20 minutes. After this incubation. perchlonc acid wos removed
by aspirstion, replaced wilth 05 mL of fresh perchionc acid
solution, and the cefls were incubated at T0°C For 20 minutes.
Solution from each well was mived with scimtillation flusd and
counted in 3 scintilkstion counler.

Majority of these assays wem cammied out in six (6) repli-
cates with 107" molL of reagents. In the dose-response study,
PC-3 cells were incubaded with EEOH oc 1077 1o 107" molL of
25-0H-Dy-3-BE or 125(0HLD, for 18 bours follewed by
["Hphymidine incorparation assay described above.

The 3-i4,5-Dimethylthiazol-2-y1i-5- Fcarboxymet oy -
phenyl-2-4-sulfophenyl -2 H-tetrazoliom (MTS) Cell Via-
hility Assay. LMCaP, PC-3, and DUI45 cefls were plated in
Of-well plates (7 5000 cells per well), grown overndght in DMEM
fwith [0¥% FBS and anfibictics), and semam deprived fir 24
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hours. The cells were iben treated with either ExOH or
1.2500H,D, {107 molL) or 25-0H-04-3-BE (10~ mollL)
for 1B boars in complete medin Cell viability was measured
with the CellTiter 96 AlJweous Assay (Promega, Madison, WTL
This assay used the ietmzofiom compound (MTS, inmer salth and
ihe electron-coupling reageni. phenarine methosulfate {150
This mzay measured dehydropenase eneyme activity foumd in
metsbolically active cells, which reduced MTS into soluble and
colored formazan product. sbsorbance of which was measuwed
al 400 nm. Becamse the production of formeran was propor-
tioeal 1o the mumber of living cells, absorbance was 3 messare
of cell-viability.

DNA-Fragmentation Amalyss. PC-3 cells (2 =« 109
were trealed with 025 107" mol/L ol 1,25{0H),D,, 25-0H-
[, or 25-0H-D4-3-BE for 10 hours. Then the cells were har-
vested and Iysed in 0.5 mil. of lysis buffer [20 mmolL Tris-HCL.
10 memd/L. EDTA, 0.5% Troton X- 100 (pH B.000], and DNA was
extmcted with phenol-chlomoform procedure. The  extracied
DA wos resuspended in (] ml of 20 mmolL. Trs-HCL (pH
8}, and treated with BNase, fodlowed by electrophonesis on a
12% agarose pel in TAE budfer. DINA bands were visuadized
under LUV Light after sthidinmm bromide staining,

Caspass Activity. Cospase-1. -8, and -9 assays weme
done with Caspase colorimefric assay kit from BED Sysiems
{Minneapolis, MN} acconding to the manufocturer’s insimac-
tions. Briefly, PC3 cells {1 = 10" were trealed with (.01 =
107" modlL of 1 25(0H),D,, 25-0H-Dy, or 25-0H-D,-3-BE for
14 hoars in cultwre mediom (OMEM, 10¢% FRS, and amibiot-
ics). The cell were collecied by cenirifugation ai 1,000 rpm for
5 minutes. The cell pallet was Iysed with Dysis buffer, and the
Iysale was incobated on ice for 10 minuies and contnfuged =t
10,000 rpos for 5 miontes. Prolein was estimated with Brodford
proteio estimation kit (Bio-Bad Laboratories. Hercules, CAD
The enzymalic reactions were camrsed ool in a 96-well plae. For
each reaction, 100 pg fysate proden in 50 wl total volame was
incubated with 50 pl. of 2 = reaction boffer and 5 pl. of
caspase 3. caspase 8, or caspase 9 colonmetric sabstrales for 2
howrs af 37°C. The ahsorbance was determined af 405 nm

Indwction of 1w 25-Dikydrocyvitamin D,-24-Hydrouy lase
(24-0Hase ) Promoter Activity by 25-0H-I),-2-BE and
12500H L0, in COS5-T Cells

Cell Transfections. Promoler comstructs conlaining the
rab 24-O=se promoter (— 1, 367+ 74) linked @ the chlomm-
piienicol acetyliransfernse (CAT) reporier gene were used for
the expenmenl CO5-T celis that were tansfected with the
hVDR expression vecior pAYhVDR. All of the transfections
were dooe with tbe calciwm phosphaie DNA precipitation
methed. The COS-T cells weme seeded with 1 = 10° cells/100
mm”® tisspe culture plste in DMEM sapplementad with 106
FEE and 1% penicillin/streptomycin and allowed io grow for 18
o 20 hows or to 70 o B0% confluency. The DNA o be
transfected was Ei0H-precipimiad. For each plaie o be trons-
fected. 450 pl. of serle ddH, 0 and 50 pl. of 2.5 molfL. CaCl,
were added to the DNA pellet This mixture was then added to
500 pl. of 2 = HEPES baffer per sample dropwise while
mixing Afier the two solutsons were combined, the esuliing
mixture was voriexed and allowed o sit ab room temperature for
20 minaies ko allow the DNA i precipimie. Fimally, the DNA

precipiie was mined thorooghly. and | ml. aliguols wene
aifded o each plate. Sixieen hours post transfection, cells wene
“shocked” for | mimdes with PRS containing 10% dimethyl-
sulfoxide, washed with PES, and the DMEM supplemented with
2% of charcoal dextran-treated FBS was added o each plate.
Thiz cells were then treated with various doses of 1 230H)LDy
or 25 OH-D,-3-BE for 24 hoars.

CAT Assay. Trealed cells were harvesied by trypsiniza-
tion for about 2 minutes st 37°C, pelleted, washed with PRS.
resuspended in 0.25 mol'l Tris-HCl (pH 5.00, and lysed by
freewing and thawing five (5) Gmes. Cellular extracts were
collected and used for CAT assays.

CAT analysis was done by standard prodocols on the cell
extracts pormalized o okl proein comenl. Fifty microditers
aliquots of cellulor extracts conlxining egual smownts of protein
were combined with 25 pL of 1 mol/L Tris-HC {pH 8.00. 53 pL.
of ddH,0, 20 pl of 4 mmoll. acetyl Cod, 2 pl of "C
chloramphenicol (50 mCi'mmol; Sigma, 5C Lovs. MO). and
0.25 mmolL. Tris-HCI (pH 8.0 1o a fimal volome of 150 pl
The reactions were carmed oot af 37°C for aboot 2 hoors snd
stopped by adding 1 ml. of ethyl acetmte and vortexing. The
samples were ceptrifuged ot 14000 rpm st 4°C for 10 minutes.
and the opper ethyl acetate layer was remaved fo o microcen-
trifuge mbe and doed under vocoum for 45 minoies. The sam-
ples were resuspendad in 25 pl. of ethyl acetate and spofied on
a TLC piate. Chromatography was dooe in o chro ¥
chamber contsining 100 mL. of chioroform-methanol (95:5) for
A} minutes. The pinte was dred and exposed o Kodak auon-
diographic film The resulting sutomdiogram was anabyzed by
densiometric scanning with the Shimoadey CS00000 Duaal-
wovelengih Flving Spot Scanner (Shimadeu Scientific Instre-
ments, Princeton, NIL

Pull Dovwn Assays io Determine the Interaction of VDR
with Retinoid X Receptor (RXR) and GRIP-1 in the Pres-
ence of 1.25(0H .0}, or 2300H-I),-3-BE in PC-3 Cells. In
this assay, PC-3 cells were incubaded for either | or 24 bours
with the imficated concentrations of 1. 230H)LD, or 25-0H-
D,-3-BE, and then the cells were scraped, homogenized. and
whole-cell exiracts wer prepaed in NETHND baffer [100
memedl. Mol T mmolfL. EDTA 20 mmeal/1. Tris-HC (pH 781
0.2% NP4D, and | mmol/l. dithsothreitol] conlining 0.3 mal/l.
KCL Then, 5 pg of punified glutathione $immsferase (GST)
fizsion protein (GST-GRIP or GST-RXRL and 20 pl. of ghols-
thicne-Sepharose besds were added. and the volome was
brought up o 100 pl. with the same buffer. These miviures wene
incubaied for | or 24 hoars af 4°C, and the beads were wnshed
I imes with 0.2 mL of NETMD buffer. The bound proteins wene
eluted from the packed beads by boiling in Laemmli baffer for
3 minmes and were snalyred by SDS-PACE. Detection of
“bound-VDR™ was done afier SDS-PAGE by Western blots
with VDR antibodies (Affinity HicReagents. Golden OO0

Determination of Sysiemic Toxicity (Calcemia) of 25-
OH-I},-3-BE im CD-1 Mice. Three doses of 25-0H-I),-3-BE
(3.3, 33, or 1667 ppfke) and two doses (3.3 or 33 pahkp) of
25-0H-I, were prepared in 0.2 ml of saline-Ex3H (0.1%) by
diluting ethanolic solutions of the steroids with saline in such a
wiy that the concentralion of ErOH was (L1% in the solution
These samples or saline-EvOH {0.1%:) vehicke controd (3.2 mL)
were adminisiered o the animaks {in groups of five) inlrpen-

20



B8 Inhihition and Endoction in Prostete Cancer Cells

hours. The cells were then treated with either ErOH or
1 25(0H),D, (107" molL) or 25-0H-D,-3-BE (10~ mold)
for 18 hoars in complete media Cell viability was measured
with the CellTiter 96 AQueous Assay (Promega, Madison, W)
This assay wsed the etrawolivm compound (MTS, inner salth and
the electron-coupling reagent, phemarine methosulfote {150
This assay measured debiydropenase encyme activity found in
metabolically active cells, which reduced MTS into soluble and
codored formarzan product. absorbance of which wos measured
at 400 nm. Becanse the prodoction of formaran was propor-
tiomal o the number of living cells, absorbance waes 3 measae
of cell-vinbility.

DMA-Fragmentation Amalyss, PC-3 cells 2 = 10
wese treated with 025 » 107" mol/L af 1,250H).D,, 25-0H-
DOy, or 25-0H-I,-3-BE for 10 howrs. Then the cells were har-
vested and lyvsed in 0.5 ml. of [ysis buffer |20 mmol/L. Tris-HCL
10 memalL. EDTA, 0.5% Trinon X- 100 (pH .00, and DN A was
extrcied with phenolchloroform procedure. The extracted
DA was esuspended in 001 ml. of 20 mmoll. Trs-HCI (pH
81 ond treated with BiNnse, followed by electrophonesis on a
12% agarose gel in TAE boffer. DNA bands were visualized
under L'V light afier ethidinmm bromide sinining.

Caspase Activity. Cospase-3. -H, and -0 assays were
dome with Caspase colorimetric assay kil from B&D Sysiems
(Minneapolis, MN) according to the manufacturer’s insinac-
tions. Briefly, PC3 cells {1 = 10°) were treated with 0001 =
10~ molL. of 1. 25(0H).D,, 25-0H-I,, or 25-0H-D,-1-BE for
14 howrs in colture mediom (DMEM. 10% FBS, and anibiot-
icsl. The cells were collected by centrifugation st | (500 rpm for
5 minutes. The cell peliet was Iysed with Iysis buffer, and the
Iysate was incubated on ice for 10 minutes and cenbrifuged af
10,000 rpm for 5 mimutes. Prolein was estimated with Brodford
protein estimaticn kit (Hio-Fad Laboratories. Hencules, CAD
The enzymuatic reactsons wene camied oat in o 96-well plae. For
ench reaction, 100 pg Iysate prodein in 50 pl. iotsl volame was
incubated with 50 pl. of 2 = meaction baffer and 5 pl. of
caepasa 3. caspase B, or caspase 9 colorimetric substraies for 2
howrs af 37°C. The aheorbance wos dedenmined at 405 mm

Indwction of 1e25-Dihydrogy vitamin D,-24-Hydrowy kase
(2M-0Has) Promoter Activily by 15-0H-D,-3-BE and
1 25(0H).I, in CO5-T Cells

Cell Transfections. Promoler constructs containing the
ral 24-0iHase promoter {—1,367/+74) linked 1o the chlomm-
phemicol acetyltransferase (CAT) reporter gene were used for
the expenment C05-T7 cells that were tmasfecied with the
hVDR expression vector pAVRVIEHL All of the transfections
wene doog with the calcium phosphate DNA precipitation
method. The COS-T cells were seded with 1 = 107 cells/1)
mm® tissue culture plate in DMEM sopplemented with 109
FBES and 1% penicillin/streptomycin and allowed io grow for 18
io 20 hows or to 70 to 80% confluency. The DNA o be
transfected was E{OH-precapitalad. For each plsie o be Erons-
fected. 450 pl. of sterile &dH .0 and 50 pl. of 2.5 mol/L CaCl,
were added to the DMA pellet. This mixtwre was then added 1o
500 pl. of 2 = HEPES baffer per sample dropwise while
mizing. Afier the o solmiions were combined, the resuliing
mixture was vortexed and allowed to sit af room Eempemiure for
20 minuies w allow the DNA o precipitde. Finally, the DNA

precipilate was mixed thoroaghly, and | mil. aliguols were
aidded & each plate. Sivieen hours post iransfection, cells were
“shocked” for | mimdes with PRS containing 10% dimethyl-
sulfoxide, washed with PES, and the DMEM supplemented with
2% of charcoal dextran-treated FBS was added 1o each plate.
The cells wene then treated with various doses of 1 2500H),D,
or 25 OH-D.-3-BE for 24 boars.

CAT Assay. Treated cefls were harvestad by trypsiniza-
tion for about 2 minules at 37°C, pelleted, washed with PRS.
resuspendad in 0.25 moll. Trs-HCl (pH 8.0), and lvsed by
freexing and thawing five (5) tmes. Cellular extracis were
collected and used for CAT assays.

CAT analysis was done by standard prodocols on the cell
extracis nommalized o total prodein cooteal. Fifty microditers
aliquots of cellular extracts contaiming agual amownts of protein
wene combined with 25 pl. of 1 mol/L Tris-HCl {pH 8.0k, 53 pl.
of ddH,0, 20 pl of 4 mmoll. acetyl CoA, 2 pl of ™C
chlommphenicod (30 mCYmmol; Sigma, S Louis, MO0, and
0.25 mmoll. Tas-HCI (pH 800 1o a final volme of 150 pl.
The reactions were carmed ot af 37°C for about 2 hours and
stopped by widing | ml. of ethyl sceiate and vorexing. The
samples were centrifuped =i 14,000 rppm & 4°C for 10 minutes,
and the upper ety acetnte layer was emoved o & microcen-
trifuge mbe and dried under vacwwm for 45 minuies. The sam-
ples wene resuspended in 25 pl. of ethyl acetate and spotied on
a TLC plaie. Chromatography was done in a chromatography
chiamber contsining 100 mL of chioroform-methanod (9525 for
40 minutes. The plole was diied and exposed to Kodak autors-
diographic film. The resulting subormdiogram was snalyred by
densitometric scanning with the Shimodon CSO0000 Daaal-
wavelength Flving Spot Scanner (Shimadom Scientific Instru-
ments, Princeton, NI

Pull Down Assays io Determine the Interaction of VI
with Retinoid X Receptor (RXR) and GRIP-1 in the Pres-
ence of 125/0H),0}, or 25-0H-15,-3-BE in PC-3 Cells. In
this assay, PC-3 cells were incubated for either | or 24 hours
with the indicated concentralions of 1 230HLD, or 25-0H-
D,-3-BE, and then the cells wer soraped, homogenized. and
whole-cell exiracts were prepared in NETMD baffer [ 100
mmotfL. Noll, | mmolfL. EDTA. 20 memol/L. Tris-HO ipH 78],
0.2% NP0, and | mmol’l. dithiothreitol] contindng 0.3 mal1
KCL Then, 5 pg of purified glutathione S-trunsferase (GSTH
fusion prodein (GST-GRIP or GST-RXRE)Y and 20 pl. of zlals-
thione-Sepharose beads were added, ond the wolume was
brought up to 100 pl. with the same buffer. These mixtures wiere
incnbated for | or 24 howars ai 4°C, and the besds were washed
3 times with 0.2 mL of NETN I buffer. The bound proteins wene
eluted from the packed beads by boiling in Laemml baffer for
3 mingies and were snalyzed by SDS-PACE. Detection of
“bound-VDR™ was done afier SDS-PAGE by Western blois
with VDR antibodies { Affinity BioReagenis. Golden CO0

Dietermination of Sysiemic Toxicity (Calcemia) of 25-
OH-Dn,-3-BE in CT+-1 Mice. Three doses of 25-0H-1,-3-BE
(3.3, 33, or 1667 pp'ko) and two doses (3.3 or 31 pafkg) of
25-0H-Dy were prepared i 0.2 mL of saline-Er(XH ¢0.1%} by
diluting ethanslic solutions of the stemids with saline in such a
way that the concentration of EtOH was (L1% in the solution
These sampées or saline-EvCH 0.1%) vehicke controd (0.2 mly
were adminisiered to the animalks (in groaps of five) intmperi-
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toneally over a pericd of 12 days (injection on aliemate days).
AL the end of the experimem the animals were lightly anesthe-
tized, and blood was collecied afier decapitation for semam
calciem-analysis. Body weights ai the beginning and ai the end
of the experiment were recodded.

Dhaia Analysis. Majority of the assays was carned ol in
hroe 1o six replicates. Seatistical analyses of the data were done
with linear mgression analysis and cne-way ANOYA followed
v Fisher's projecied least significant difference iests. Ps = 005
were considered statsstically significant.

RESULTS AND IMSCUSSHOMN

The 12500H),0; and many of its synthetic analogs nhibit
ithe growih of malipnant cells {16). Howewver, translafion of the
cellular results ipo in vive siudies has been problemstic becanse
of acute loxicity of the hormooe and some of s analpps
Therefore, o major effon has been underaay in designing ang-
logs that would enber inhibit cellular growih ai physiologic
concemmations o avoud sysiemic toxicity or be pontoxic s
supraphysiologic doses.

YOR-bincEnz affingty is cruciad in developing 1.2500H0,Dy
amlogs because of the recogniion thal interaction befween
VDR and ibe analogs & pivolal in the penomic process (3, 4).
Therefore, snalogs with relstively low VDR-binding affinity
have not been considered (o be of thempeutic imponance. For
example, 25-0H-0[0,_ the metnbolic precursor of 1 250H),0;,
has a poor VIM-binding affinity [K, = 107" to 1077 mol/L
vermis K, = 10~ 1o 10— modL. for 1,2500H), D, ). Therefore,
25-0H-1, and its derivatives have mol been studied signifi-
canlly a5 candidates for drg-development

We hypothesived that covalent lking of 253-0H-D, (via
ils denvalive/analog) o the hormone-binding pocket of VDR
might permanently lock VDR into its biokogically sctive helo-
form. This way, biologically inactive 25-0OH-D, might acgaine
significant cell regulatory property. Forthermone, because of the
recognition that cakcemic property could be separaied from cell
regulatory propedies, ihe nonloxic property of 25-0H-Dy, maght
be translated into is derivative. As o esull even supraphysi-
ologic doses of this 25-0H-1y, analog méght be used to achieve
inhibition of cell growih without sysiemic wxicity in an e vive
syslem.

In o recent, study we showed that 1o 25-dikydrooyvitnmin
D,-38-(2-romoacetats [ 1,2500H,D,-3-BE], an affinity labol-
ing dervative of 1,25(0HLDY,. disployed sirong antiprodifers-
tive effect in several normal ond malipnent cell lines wilh
strongest activity townrd prostate cancer cells (17-211 In the
current study, we focused on 3 structernl 25-0H-D,-prototy pa
of L2S(0HLD,-3-BE (i.e, 250H-D,-3-BE)

Growth-inhibitory effect of 1,25(0HL I, and its anologs is
kmown to vary among cell lines and even among lines from the
same tiszue. Bul, in general, strongest and predicible effect is
observed at a 107" mol/L. concentration of ihe hormone or its
anglogs (22). ARboagh this concentrason is considened o be
phiysiologicafly inelevant. il produces opimal effect. We treated
primary calivre of normal hemen skin cells. and several cell
lines inchafing LNCaP homan sndrogen-sensitive and PC-3
bwman androgen-refraciory prostale cancer celis, and PZ-HIPY-T
immuortadived normal hemen prostade cells with 10 moll. of
1, 2500HL 0, or 25-0H-00,-3-BE o compare the antiprofifers-
tive property of the analog (25-0H-0,-3-BE) with the: hormone.
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Effect of various ageats oa the growth of normal and
malignant cells is often determined by [*Hjthymidine incorpo-
ration assay. In this assay, increase or decrease in the incorpo-
ration of ["H]thymidine in the DNA of the growing cells by a
reagent is used as an index of its profiferative/antiproliferative
effect. As shown in Fig. 1, A-£. 107° mollL of 25-OH-D,-3-BE
and 1 25(0H),Dy inhibited the growth of all the cells with
various efficiency. However, the effect of 25-OH-D,-3-BE was
strongest in LNCaP and PC-3 prostate cancer ceils. For exam-
ple. growth of ENCaP cells were inhibited by - 60% and 98%
with 1. 25(0H), D, and 25-OH-D,-3-BE. respectively (Fig. 10),
whereas growth of PC-3 cells were retarded by 70% and 90% by
1.25(0H),Dy and 25-OH-D,-3-BE, respectively (Fig. 1D). In
coatrast, growth of normal immortalized prostate cells (PZ-
HPV-7 cells) were inhibited by ~50% and 65% by 10~* mol/L
of 25-0H-D,-3-BE and 10~° mol/L of 125(OH),D,, respec-
tively (Fig. 1B). Growth inhibition by 25-OH-D,-3-BE was
stronger than an equivalent amount of 1. 25(0OH),D, in kerati-
nocytes (Fig. 1A). Furthermore. [0°° molL of 25-OH-D,
showed marginal antiproliferative effect in PC-3 cells (Fig. 1E).
We akso observed that 107 molL of 25-OH-Dy-3-BE was
cytotoxic only to LNCaP and PC-3 cells, causing the cells to lift,
float, and die under phase contrast microscope.

= Conwrol
B 25.0H.0,82 (10°W
E3 126/0H,D, (107 W)

In a ceil counting assay, we observed that LNCaP and
LAPC-4 cells had sharply reduced number with 10~* mol/L of
25-0H-D,-3-BE after 24 hours incubation (Fig. 24), whereas
MC3T3 cells were affected 1o a much lesser extent. and MCF-7
cells (incubated for 48 hours) were not significantly affected. It
should be noted that in this assay cells were not serum stasved
before addition of the reagents, and 107 mol/L of 125(0H),D,
had little effect in all of the cells. The 10-7 moll. of
1.2500H), D, was shown to produce significant effect in LNCaP
cells after a longer pericd (3 1o 6 days) of incubation (23).
However, we chserved that the effect of 10~ mol/L of 25-OH-
D,-3-BE was relatively rapid (optimal antiproliferation and cy-
totoxicity i prostate cancer cells was observed within 16 to 24
hours of incubation). Therefore, within the short timeframe of
our studies, 107 mol/L. of 25-0H-D,-3-BE produced a strong
effect in LNCaP and LAPC-4 cells, whereas 10~ moVl of
1,25(0H),D, showed very little effect, if any. in all of the cells
tested.

We conducted adose—mspome study in which PC-3 cells
were treated with 10~7 mol/L and 10~* mol/L of either 25-OH-
D,-BE of l.ZS(OH),D, for 18 hours followed by [*H]thymidine

jon assay. Results of this assay showed that 10-°
mol/L. of 25-OH-D,-BE decreased the proliferation of the cells
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Fig. 2 A, cell counting assay of LAPC4, ENCal’, MCF-7, and MC3T3 cells treated with 25-0H-D-3-BE or 1. 250H),D,. Each cell line was plaed
in 6-well plates o 2 density of either 80,000 cells per well (INCal’, MCFE-7, 2nd MC3T3) or 160,000 cells per well (1LAPC-4) and allowed to attach
ovahgh.moelkvcmﬂtnmdforﬁm(lr{.ﬂ’ MC3T3, and LAPRC-4) oc 48 hours (MCY-7) with F2OH vehicle or 25-0H-D,-3-BE (10~ °
molL) ar 1,2508LD, (107 mol/1). At the end of the experiment, cells were detached with trypsin-EDTA and countad in 2 Coulter counter. *, P <
0.001; **, P = 0.003; *** P = 0.014. B, dose assays of 25-0H-1,-3-BE or I.ZS(OH%IJIPCJ«IB. Cells were incubated with either
F2OH or 1077 or 10 mol/L. of 25.0H-D;-3-BE or 1. 2%0#H),D, for 18 bours followed by |*H|thymidine incorporaticn assay as described in
Materials and Methods. *, P < 0005, C, MTS cell vishility assays of PC-3, LNCaP, and DU-145 cells. Cells were grown as described shove and
uuummmuoflo T oc 10°% malil. of either 25-OH-1D;-3-BE ar 1,250H),D, for 20 hours followed by MTS assay as described in
Materials and Methods, which incladed meassrement of shsorbance 2t 409 nm. Results are expressed in terms of percent of cell viahility relstive to
20H-control (100%). *, P < 0.0001; **, P < 0.05. Bars, =50.
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by ~00%, wheress there was —~45% reduction with 10~ mod/L
of 1250H)LD, However, there was virually no effect with 1077
mell. of either reagent (Fig. 281, Furthermore, we observed that
2540H-D,-BE was toxic o these cells (as well as to | NCaP cells: R
107, o5 they wem found detached and foating.

Ta elaborate on the cvioloxic natore of 25-0H-D,-BE. we
camied out MTS cell vighality assay with LNCaP, MC-3, and
CAP-145 cells treated with 10-" moll. and 10-* molL of
25-0H-D,-BE or 125(0H).D,. Resulis of this assay (Fig. 20
showed that 107" moll. of 25-0H-1,-BE reduced the number
of viable cells o 8% in LNCaP and PC-3 cells and 20% in
DAZ-145 cells, whereas majority of the cells were viable when
treated with [0—% molL of 1.250H),0,. With 107 molfl. of
25-0H-1,-BE and 10~ mol/L and 10" mol/L of 1, 25(0H), 0,
majority of the cells were vishle. These resulis sagpesied that
25-0H-I,-BE induced toxicity in these cells st 10~ mol/L. As
mentioned eadier. repeated dosing of LNCaP cells with 107
molL of 1250H)D, for a prolonged pericd (48 hoars) pro-
duced significant antiproliferative effect, whereas a single dose
and shorier incubastion period foiled o produce such an effect
{23). Therefore, it is probable that epeated dosing with 1077
molL. of 25-0H-10,-BE for longer periods (we typscally dosed
ihe cells for 16 o 20 hoors) mighi have produced significant
antiproliferative and possibly cytoioxic effects

Inhaction of toxicity in DU-145 cells deserves special
altenson, because it has been shown thad DU-145 cells respond
poorly o 1 2500H [y, -treatment because of enhanced activity
of the catabolic enryme, 24-0Hase (24, 15} We postulated that
covalent attschment of 25-0H-I4,-BE inlo the ligand-binding
pocket of VDR might prevent the catsbolizm of the snalog and
produce sufficient guantity of tmpscriptionally active VDR,
Therefore, our resulls with [NU- 145 cells lend strong sappon for
this hypothesis.

The growth ishibitory effect of [2500HLD, and its ana-
logs is peperally manifested via the amesting of cellular growth
in GG, phase; and such sctivity comelales well wih ibe
expression of cyvolin-dependent kinase mbibitors, such as p21
and p27 (26 However, in some coses. apoplosis. of pro-
grmmed cell deadh, has been reporied. For example, it was
reported that | 25(0HLDy induced apopiosis in MOCE-T cells
{22 T), nlihewagh in prostsie cancer cells reponts are conflicting.
For example, Bloi & ol (23} reporied thar 1 25(0HLD, in-
duced apopiosts in LNCaP cells, bot apother group failed to
observe such an affect (28],

Fragmentotion of nuclear DNA is a halimark of (he down-
stream process manifesied by cells undergoing apopiosis. When
PC-3 cells were treated with (.25 = 107 mol/L of 25-0H-D,-
3BE I50H-IN, or 12500HLD,. DNA-frapmeabsiion was
observed only with cells treated with 25-0H-D,-3-BE {Fig. 34,
Laae 4), whereas no soach effect was visible with an equivalent
amount of 12500HLD, (Fg. 34, Lase 23 or 25-0H-I, (Fgz.
3A, Lane 3). These results supgested that 25-0H-I,-3-BE in-
doced apopiosis in PC-3 cells, whereas an equivalent amoam of
25-0H-Iy and [ 25(0H),D, Failed 1o do so

Caspases are key indicators of apoptosis in cells (29). For
exnmple, caspase 1 is aotivaled during the cascode of evenis
during apopiosis. It cleaves a vanety of molecules conlainng
DEVD amino acid motif. Such modecules inclode poly-ADP-
ribose polymemse (FARP), Ul-ribomaclesprotein, and so fonhb.

Caspase B is on upstream caspase, and its actvation leads to the
activation of additional caspases ond mbsequent cleavage of
PARP and other molecales. Caspase @ is 2 key regulsior of
apopiosis 0 vive. Activalion of caspase 9 activales procaspase
A, which in twrn is monifested throagh classical fesiores of
apopiosis such a5 cleavages of PARP, Ul-nbomcleoproein,
and 5o Forth.

Recently, Guwey et all (300 reported thai 1 2500H), Dy
activaied caspase 3 and caspuse 9 bul ool caspase #, in
ALY A-1] cells. Podek ef al. (31) also showed that 1.250H0,0y
did not induce apoptosis in PC-3 cells. When PC-3 cells were
treated with .01 = 10~* mold of 25-0H-D,-3-BE or 25-
OH-Dy or 1 2500HL D, aaly 25-0H-[,-3-BE showed strong
induction of caspases 3, 8 and 9 (Fg. 38). Therefore, DNA-
frapmentstion analysis and caspase-activation assay collectively
supgestad that 25-0H-D,-3-BE induced apoptosis in PC-3 cells.

The 25-0H-I),-3-BE contasies an ester bond Therefore,
eslersses in gowing cells might hydmolyze this molecule io

A 1234

500 bp

- |

I:".lup._u 3 [::H-F.I.lnﬂ E:ll-pl.ﬂ' B
Fip. 2 A, DNA fmpgmenisiion anslysis of PC-3 cells ested with
D5 0H-D-3-BE or 1, 2500HL DY, or 2500H-Ly,. Cells wers treated with
0025 3 10 * molfL. of reegenis for 20 hoors followed by extmdtion of
the IXNA of the cells endergoing spopicsss, ond ensfysis on & DA gel
The p=l was visusiized by thifinium bromide siaining. Lase T, DNA
markers; Lane 2, 1 3500HLD; Lane 3, 25.0H-0y: Lawe 4, 25-08-0,-
1HE [k should he noied that under the condition of oor experiment,
only the apoplotic DMA fragments leaking inio the cyiosnl werne ex-
urncted. B, caspass activatbon annlysis of PC-3 cells tremed with 25-0H-
D-3-BE or LZSOHLD, or 25081y, Cells were incubated with
001 = 107" moll. of 2508-0,-3-0E, 1.25008,L0, or 25080y
followed by colorimetric assays for cespase 3, §, and @ soconding 1o
manufacierer’s pocedures. The X-axis mpresenis shsorhance ol the
solpisons at 405 nm *, P < 00035, Bare, 500
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produce equimaear amoonts of 25-0H-0; and bromoacetic acid
{Fig. 4, rop paael). It coald be argued that the obseaved effects
of 25-0H-0,-3-BE mizghi be becanse of bromoscetic acid, 15
{H-Dy, or 2 combénatien of the two. To determine any role of
im situ-prodeced bromaoacetic acid (by the hydrolysis of 25-0H-
[,-3-BE}, we carad out [“H]thymidine incorporafion assay in
PC-3 cells ireated with 107" molL of either bromoacetic acid or
25-0H-10,-3-BE or 2 mixture containing 10-* moll. each of
homoacetic acid or 25-0H-Dy-3-BE. As shown in Fig. 4 (het-
fom lefl panell, 107 moll. of 25-0H-D,-3-BE was sirongly
antiproliferative to the cells, whereas 10— moliL. of bromoace-
tic acid did nod bave any significant effect on the proliferation of
ihese cells. Furthesmore, a mixtnre containing 10— mal/L. each
of bromeacetic acid and 25-0H-D,-3-BE prodoced the same
effects as 10" mol/L of 25-0H-1,-3-BE alone (Fig. 4, boftea
ripht panel). Therefore, these results strongly sugpested that the
observed properties of 25-0H-1,-3-BE were related 1o its un-
hydrolyzed (intact) form

However, the above resalis did not male ou the possibility
that a pari of 25-0H-1),-3-BE might undergo hydrolysis, and
25-0H-D,, produced in situ by this hydrodytic process. might ba
metshalicully activaied by 25-hydroxyvitamin D - le-hydroy-
lase ( 1-OHase) o [ 25(0H)LD,, which coukd in wm produce the
ohserved effects, of least partially. LNCaP cefls are known to be
deficient in the 1-OHxse enzyme (32), yet 25-0H-D,-3-BE
showed stong antiprolferotive effect in these cells (Fie. 10
Furthermore, 107* moll. of 25-0H-I0, showed a very weak
effect in PC-3 cells (Fig. 1E). These considerations essentially
ruled oal any role of in sin-prodoced 25-0H-0, in the observed
antiproliferative and cyioloxic properties of 25-0H-1,-3-BE.

The 25-0H-D,-3-BE conlosns a chemically reactive
a-halocarbonyl proup: therefore, it could potentinlly afiylate
amy proiein in o celiuly sysem. and sach modem inlersction

could possibly be responsible for s observed effecis. FHS
comains many probeins, inchoding a relstively larpe amoant of
vitnmin D-hinding proiein, which could potentially react with
25-0H-Dy-3-BE, ond eliminsde it completely before i reacts
with WDE. Typcally, the assays described here were camied out
in 3 mediz comnining 5 to 10% FBS, sugpesting thad scavenging
of 15-0H-1,-3-BE by serum vitamin [Mbinding profein (and
other cellolar proteins in a random fashion) might not play 2
significant role in the observed properties of this compound

Because VIR was our desired target 1o eficit ibe biological
getivity of 25-0H-Dy-3-BE, it became obligatory for us to show
the involvemeni of processes reladed 1o 1 2500H)L,DVDR-
signaling pathways. The 24-0Hase gene is knoamn io be strongly
and prediciatly modulated by 1L25(0H), 1 and its analogs. We
cammied oot o study to evaluate the effect of 1, 2500HLD, and
25 0H-Dy-3-BE ai varions doses on the 24-0Hose promober
activity in CO587 cells that was transfecied with a VDR con-
struct, tspged with o CAT reporier pene. Resulis of this assay,
shirwn in Fig. 5, showed that 24-0OHase promoter activity was
strongly op-regulatad by 107", 107, @nd 10°° moll of
1L2500HLD,. In conbrast, strong promoter achviey was dis-
played only with 107 molL of 25-0H-D,-3-BE. and such
activity declined almost o the basal level with 10" moll. of
25-0H-[y-1-BE. These results strongly suggesied that the mo-
becular sction of 25-0H-I,-3-BE might follow o path similar io
1. 2500H LD, owever, with less efficiency.

An imponant aspect of lipand-recepior inleraction is the
ahility of the hormone and the anaiogs 1o induce transcrption-
adly active conformation in VI ihat can ineract with RXR and
other coactivatrs roguired for iranscription, such as GRIP-1
(33} Therefore. to determine the potency of 1.25(0HLIY, and
25-0H-I-3-BE 1o induce interzction of VDR with RXR andior
with the sieroid eceplor coactivator, GRIP-1, we msed 3 pull

Fip. 4 iop pomel, scheme o show
le hydrobysis of the ester bond
in  M0HD-3-BE 0 prodoce

equimnler quentities of 25-0H-T end

bromoacefic acid. bottom pasal, ef-
fects af 10% molfl. of 25-08-D,-
1RE ar 1,25(0HLD, or bromoacetic
ookl or o combinstion of 2508-D,-
3.BE and bromoocetic acid (107°
moll. sach) on the prmbfemtion of
PC-3 cells. Cells were ireated with
FLOH or 107 % moll. of the

L] and subjecisd i |*H]tiymidine incor-
posmtion assay in the esusl [nshion. =,
P o= 0005, Barx, =500 (B4, bmo-
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E 40— ) §Iu
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meoacetic acid)

BAA 25-0H-D,-
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25-0H-D,-3- 260H-D.-
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Fip. 5 Analysis of 24-0Hase promoter activity in (05T celk, tan-
siently tmnsfecied with a 24-{¥Hase-consimcl. iagged with a chiomm-
phenicon (CATH reporier pene. and hYWDR expression wecior. Cells wene
treaied with varous doses {2z indicaied) of POH-DN-J-BE o
1,2500H}, 0y, and CAT sctivity was defermined ns described in Mage-
rials and Meihods. % Marmol in the X-axis denoles percenioges of
maximum ectivity {ini Lhis case with 10 % ool of 25-0H-0,-3-RE).
P o= {LOis; =, P o< D0000). Bars, =500,

down assay in which PC-3 cells were incubated with warious
doses of [ 25(0HLIY, or 25-0H-D,-3-BE. and VIR -inlersc ing
proleins were palled down with G3T-fased GRIP or RXRE.
Resulis of these assays showed strong interaction between VDR
and GRIP-1 when the cells were incubaled for 1 hour with

1 hr treatment

GRIP-1- L
Bound T

IMput=e - - -
EtOH »|+ - - -
125(0HLD, » - 7 - -
25-0H-D,-3-BE» - - 6 7

12900, W ¢ T omem s
25-0H-D,-3BE ™

25-0H-D,-3-BE (107 molfL) or 12500HLD, (1077 moll;
Fig. &, left panel). However, afier 24 hours of incubation, strong
inderaction between VDR and GRIP-1 was observed with 107
mol/l. of 25-0H-[,-3-BE With BXR, there wos significant
inderaction even with 107" mol/L. of 25-0H-D,-3-BE (Fig. &,
right pamel).

The above resulls provided ibe evidence that 25-0H-Dy-
3-BE was able to activate VDR at substanteally lower concen-
trations in PC-2 cells; which is consistent with the results of
i A-frapmeniation and caspase-activation amlyss. However,
a significantly higher dose (107" moll) of 25-0H-I4,-3-BE
wis required Lo show 24-OHase-promeoter activity in 005 cells
a5 well as antiproliferative activity in varogs cells. These dis-
crepancies andersoore the hypothesis thai peoe regulatory
events leading o mbibition of cell growih might be diffecent
from those leading o apoptosis. Whether or pot all of these
cellulsr events are medisted through transcriptional activity of
the VD remains o be established Furthermore, differences in
the potency of amlogs to nduce dEfferenl peoe regulatory
events through VDR in the same cell type have been reporied by
several studies, inclading Shevde er all (340 This study with
2MI, an amalog of 1, 25(0HL,D,, showed a range of sensitivity
for regulating pene expression. from ED,, = 10— modf/L. for
the np-regulstion of EANKL io EDy, =10~ molL for induc-
tion of the VIR responsive genes, osteopontin and 24-hydrox-
vlase in mouse osteoblasis. Likewise, 1smail af al. {35) showed
that the analog Ro-26-9228 had an BN, of 2.1 = 107" molL
for the induction of 24-0OHaxse and an ED., of 265 = 10-7
msol/L. for induction of Cafbéndin D9k in Caco-2 cells.

A major concem invodving | 250H1,Dy, and its amalogs is
systemic toxicity (hypercalcemio. hypercabciurea) that is ofien
found to be associaled with these molecules. Therefore, if 23-
OH-04-3-BE and refated compounds wer to be developed as
therapentic agents, they should be devoid of systemic toxicity.
Althaouagh & is difficult 1o draw a direct comelation between in
witre and in vive dosages. il was clear ihat doses {of 25-0H-10,-
BE that might be reguired 1o reach a potential therapeutic level
wokd be significantly bigher than what has been customary

Z4 hr treatment
GRIP-1 _
-Bound * -
RXRBound—e| — B —

EtoH »| + - - - -

6 T 8

Fig. & Tull down essey= in PC-1 cells i determine the inlersction berween WDR end BXR and GRIP-1, as the cells wene brested with various dosss
of 2550H-04-3-BE ar 1,25(0HGDY, followed by incubation with GST-BXE or GST-(ZRI™-1 fusion proteins. The XK and GRIP-1 boznd proteins
werz sdsorbed on gluisthicne-Sepharos: beads. The bound protsins were sbeisd from the beads by boiling in Lasmmb buffer and wers analyzed by
polyocrylamide pel electrophoresis. The prolein hands wer pansfemed anto & polyvinylidens difloorids membrane, end blols wers visuslizsd by

‘Wesiern bloiting with sn anti-¥TR antibody.
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Tahle T Body weight end serum calciem valee of CEL1 mice tregied with vanoes doses of 25-08H-I)y or 25.0H-D-3-BE

Iody weight on day 1 By weight on day 12 Serum calcism on day 12

{grams} {gmms} {mg/ml.)
Salime-EiH control 20574 205 =124 0 + Q.15
250H-1),-3-BE (33 ppikg) 00z 06 a0 = 0.6 510 1 03X
2500H-I,-3-HBE (33 paikg) i1.0 = {.53 29=14 94+ 03
25.0H-05-3-BE (1667 pafkg) 55 = 0.7 MnT=10 aTxalo
25.0H-Ik (33 paikg) 5= 15 S+ ] 94 + 02
250H-I) (33 ppikg) B9 =1 M = 2 9T+ 0%

with 1, 25(0H),0, and its analogs. However, we surmised thed
an analog of 25-0H-DL7125(0H LDy, could be useful in higher
concentrations as boog as it did not show systemic toxicity. For
example, higher than cusiomary doses of |e-bhydronyvilamin Dy,
wede usad in vive Lo elicit desired effects (36).

We carried out a tovicety study of 25-0H-Dy-BE in CD-]
mice where we gsed 25-0H-0), as o control. Car purpose was to
determing whether we coald extrapolate the nontoxic property
of 25-0H-I); 1o its analog (Le_, 25-0H-10,-BE} and to obtain a
preliminary idea aboat the safe dose levels of 25-0H-D,-BE. As
shown by the resulis (Table 1) there was no significant differ-
ence in seram cabciam valees and weights of the andmals from
the wvehicke confred with 3.3 or 330 ppfksg of 23-0H-D, or
25-0H-10,-BE. Although there was a slight increase in semam
calcium valoe cnly with the highest dose (1667 pafkgd of
25-00H-D,-BE, body weights of the animals were nof signifi-
camdly different from the vehicle coatrol. 1t shoald be empha-
sized thal the above resalis simply denoled that 25-0H-1,-BE
had a significandy lower toxicity than 1, 230HLD, of majority
of its anatops without providing any information on its effective
serum concentration and becavailability, We have shown thel
25-H-D,-BE is the active molecale that is responsible for the
observed antiproliferative activity in prostube cancer cells {Fig.
4}, Bot, we appreciate that 25-0H-1,-BE can undergo hydmoly-
litic cleavage in vive to redoce its bioavailnbifity. In the frhare,
we will carry out pharmacokinetic and pharmacodynamse stod-
ies 1o shed light on this issee.

In toxicity studies, it & customary to use 1,.2500HLD, as a
contred. But 1.2500HL, D, and many of its synthetic analogs are
known o be loxic af doses msed inoour study. For examphs,
in & recent poblication it wos mepored thal 10 pgpke
of 1 2500HLD, and ER-1089 |a noncabcemic amolog of
| 25000H1,0] ruised serem calcium beyond vehicle controf,
althouph significandy less with EB-1080 than 1 25(0HLI,
{37). For obvipus rexsons, we coald not pse 1 290HLD, or
ER-1089 a5 controls ai high dose levels that were asad in oar
toxicity study with 25-0H-Dy-BE.

The 1, 2500H), [, and it analogs are genemily not known
o bave tissueftumor specific effects becanse of the abiguilous
nature of VDR, the chief modulator of their actions. In this
communication, we eport that 25-0H-1,-3-BE, a VDB -affinaty
alkylating derivative of the prebormone, displayed strong anli-
proliferative activity in androgen-sensitive LNCaP and LAC-4
and androgen refractory PC-3 amd THU-145 cells. In sddition,
25-0H-1,-3-BE induced apoptosis in these prostade cancer cells
bt not in nonmal immorialized prostate cells (F2-HPV-Th at the
same dose bevel. The reason behind the prostabe cancer cell-

specific effects of 23-0H-Dy-3-BE can only be speculated af
this point 1 & ooleworthy that 1 250H)L,D.-3-HE. the
1. 25(0H L1, prototype of 25-0H-D,-3-BE. showed very sim-
ilar antiproliferative and apoptotic behavior (s 25-0H-DG-1-
BE) in prosiée cancer cells (170 Therefore, we sarmise that
covalent kabeling of the hormone binding pockel [by 25-0H-
[,-3-BE and [25(0HLDL,-3-BE] is crucial for their prostate
cancer-specific effects. Howevwer, antiproliferative index of C-1
and C-11 bromoacetates of 1 2HOHLD, [which affinity alky-
lated VDR similar o [2S00HK,DL-3-BE] in kemtinocytes was
much lower than 1, 25(0HLD,-3-BE® This sugzested that co-
valent modification of o specific area of VDR [by 3-boromo-
actetsies: 25-0H-1,-3-BE and 12500HLD,-3-BE] has o pro-
found effect cn Eranscriptional activities. We postulate that
25-0H-I-1-BE changes the conformation of YO (on alkyls-
tion) so that the liganded mecepior specifically and uniguely
meaadulate certain facionfactors derectly or mdirectly in the pros-
tate cancer cells. We are curmently in the process of identifving
such factorffactors by gene-profiling expenments.

Several clinical treals involving 1.2500HL10, and its ans-
logs in prostde and other cancess are curmently ooderway, He-
sults of the studies described in thes repoit strongly sugpest that
25-0H-D4-1-BE and related YDR-cross Enking analogs of 15-
(OH-ID, might be useful as polential therapeatic agents for
androgen-sensitive and androgen-refractory prostate cancer.
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Nuclear Estrogen Receptor Targeted
Photodynamic Therapy: Selective Uptake and
Killing of MCF-7 Breast Cancer Cells by a
Ci7a-Alkynylestradiol-Porphyrin Conjugate

Marasimha Swamy,' Ajay Purohit,” Ana Fernandez-Gado,' Graham B. Jones,” and Rahul Ray'*

'Bioomganic Chemistry and Structural Biology, Sedtion in Endocrinology, Diabetes and Mutrition,
Department of Medicine, Boston University School of Medicine, Boston, Massachusetts
‘Depanment of Chemistry, Northeastern University, Boston, Massachusetts

Abstract We hypothesized that over-expression of estrogen e cepior (ER 1 in homone-sensitive breastcancer could
be hamessed synergistically with the tumor-migrating effect of porphyrins to selectively deliver estrogen-pomphyrin
conjugates into breast tumor cells, and preferentially kill the tumor cells upon exposure tored light. Inthe present work we
synthesized four (4] conjugates of Cy~2-alkynylestradiol and chlorin ef-dimethyl ester with varying tether lengths, and
shmwedthatall these conjugates specificallybound to recombinant ER=. Ina cellular uptake assay with ER-positive MCF-7
and ER-negative MDMA-MB 231 human breast cancer cell-lines, we observed that one such conjugate (E,--POR, XVl was
selectively taken up in a dose-dependent and saturable manner by MCF-7 cells, but not by MOA-MB 231 cells.
Furthemaore, MCF-7 cells, but not MODA-MB 231 cells, were selectively and efficiently killed by exposure to red light after
incubationwith Ey—~POR. Therefore, the combination approach, including drug- and process modalities has the potential
to be applied clinically for hormone-sensitive cancers inorganswhere ER issignific antly expressed. This could potentially
be camied out either as monotherapy imvalving a photo-induced selective destruction of tumor cells andfor adjuvant
therapy in postsurgical treatment for the destruction of esidual cancer cells in tissues surmmunding the tumar, | Cell.
Biochem. 9% 966977, 2006, & 2006 Wiley-Lis, Inc.

Key words: estrogen receptor targeted delivery of phototaxins; targeted photodynamic therapy; estrogen-pomphyrin

conjugates; cellular assays for umake and cell-kill; breast cancer

Porphyrins are photosensitizers; and they
have a useful property of being retained some-
what preferentially by malignant tissues, pos-
sibly due to their unique chemical structure.
Porphyrins absorb in the wvisible region of
electromagnetic radiation. Therefore, upon
activation with visible light (often red light),
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porphyrins produce singlet oxypen that kills
tumor cells (Photodynamic therapy, POT). In
general, PDT is a localized therapy for the
treatment of early stage malignancy, palliative
therapy for late-stage disease and for tumor bed
sterilization by destroying any residual tumor
cells after surgery or any metastasized cells in
the area of light-llum ination [Dougherty et al,
1998; Dalla Via and Marciani, 2001; Sibata
et al., 2001; Dougherty, 2002; Moan and Peng,
2003; Axer-Siegel ot al., 2004; Marmur ot al,
2004]. Recently twoe PDT dyes, namely
Visudyne and Foscan have been approved by
the Food and Drug Administration for the
treatment of age-related macular depeneration,
and palliative treatment of head and neck
cancer respectively. In the case of breast cancer,
PDT was investigated as a palliative treatment
for the cutaneous recurrence [Khan et al., 1993:
Mang et al, 1998; Allison et al, 2001), and was
suggested as a probable treatment. Recently
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Dolmans et al. [2002] reported that PDT
delayed tumor-growth in a murine orthotopic
breast tumor model.

Accumulation of most PDT dyes in malipgnant
cells is, however, modest, and several methods
for the enhanced delivery of PDT dyes to tumors
by chemical conjugation or association with
LDL, liposomes and microspheres have been
attempted with limited success [Hasan, 1992;
Kramer et al., 1996; Derycke and Witie, 2004;
Sharman et al, 2004]. Recently unigue
immu ne-signals on the surface of certain cancer
cells have been harnessed by chemically con-
jugating PDT dyes to antibodies to these signals
[Goffetal., 1994 1996; Vriouenraets et al , 2000,
2001, 2002). However, paucity ofactive mechan-
ism for the internalization of these immunotox-
ins has limited their applicability.

Nuclear receptors, by virtue of their high-
affinity binding to their cognate ligands, have
been employved as molecular targets to deliver
ligand-mimics as drugs. For example, estrogen
receptor (ER), the primary modulator of the
biclogical effects of estrogens and anti-estro-
gens, has been tarpeted with estrogens as
carriers of ¢y totoxins | nitrogen mustards, geno-
totoxins, geldanamyein, enediynes [Rink ot al.,
1996; Kuduk et al., 1999, 2000; Essipman et al.,
2001; Purchit ot al_, 2001; Sharma et al ., 2004],
and radicisotopes (for radicimaging [Skaddan
et al, 1999 2000]), taking advantage of the
over-expression of ER in cancerous cells relative
to healthy tissues [Gotteland et al., 1994; Traish
et al., 1995; Boubevran et al., 1996; Struse ef al.,
2000]. However, these “double-headed” conju-
gates in general have low ER-binding affinities
due in parts to modification of the parent
estradiol molecule, and addition of appendages
of varying chemical nature andsteric bulk. As a
result desired degree of accumulation of the
conjugate selectively into tumor often remains
unachieved.

We hypothesized that tumor-accumulation
{of the conjugates) could be enhanced signifi-
cantly il we couple estrogen with a toxin that
has propensity for accumulation into tumor
cells. This way it might be possible to diminish
the sole dependency of these conjugates on ER-
binding. Such a strategy will have the benefit of
providing significantly higher efficiency over
traditional PDT, and might constitute a poten-
tial tumor-specific therapeutic modality for
hormone-sensitive cancer of organs where ER
is expressed in significant degree.

Based on the above hypothesis we synthesi-
zed a conjugate of Cyypestradiol and tetraphe-
nylporphyrin, and showed that this compound
selectively accumulated in MCF-T breast tumor
cells [James et al., 1993 Swamy et al, 2002].
However, we noted that the photosensitizing
capahility of neither the un-conjugated por-
phyrin nor the conjugate was sufficiently high
to kill the cells under the conditions of our
experiment [Swamy et al., 2002].

In the present study we anchored chlorin e6-
dimethyl ester, a known photo-toxin to Cyea-
alkynylestradiol via tethers of various lengths
and determined their ER-binding capabilities.
In addition, we carried out cellular uptake and
light-induced cell-killing studies of one of these
conjugates (E;-POR, n =3, XIV, Fig. 1) with ER
positive MCF-T7 and ER-negative MDA-MB 231
human breast cancer cells. These experiments
demonstrated that this conjugate selectively
accumulated into MOF-T cells; and viable cells
were significantly reduced by exposure to red
light. Results of these studies and their implica-
tions are discussed in this communication.

MATERIALS AND EXPERIMENTAL METHO DS

MCF-T and MDA-MB 231 human breast can-
cer cells were purchased from ATCC (Manasas,
VA). Baculovirus expressed recombinant ERx
was oblained from PanVera, Madison, WI. All
the chemicals, except chlorin ef-dimethy | ester
(Frontier Science, Logan, UT}, were purchased
from Sigma-Aldrich Chemical Co., Milwaukee,
WL BSolvents were obtained from American
Bioanalytical, Natick, MA. [*H]17-p-estradiol
(sp. activity 3 Ci'mmol) was synthesized in-
house by reducing 3+-butyldimethylslyl estrone
with NaB*H, (Amersham Corpn., Springfield,
IL, sp. asctivity 12 mCimmol) followed by
removal of the tert-butyldimethy lsilyl protect-
ing group. Synthesis of the compounds (Fig. 1),
included in this communication, was reported
earlier in a scientific meeting abstract | Swamy
et al, 2001). Detailed description of the synth-
esis will be published elsewhere.

Competitive Binding Assays of
C-ee-alkynylestradiol-chlorin e6
Conjugates (X11-XV) with ERa

Baculovirus-ex recombinant ERx (2 nM)
was incubated with 0.13 nmol of ["H]17-p-
estradiol in the presence of increasing con-
centrations of estradiol or the conjugates (as
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1. HC= CH,-OSiMe,

éﬂ:,'_’_f:m'lz}n -R

| Li{SiMe,);. CeCls,
THF, -789C
2. K,CO, MeCH
>
or, TEDMSD

', THF, -T8%C
lin=1,R=0H) Wl(n=2 R=0THF)
M {n=3 R=0OTHP), IV(n=8 R=0THP)

1. MgBr,, Ether, 3 hr (R = OTHF)

IV (n =2}, VI{n=3), Vil {(n=B)|

HC== C-(CH.},-OH
DHP, PPTS, CH.CL,

HC= C-(CH,},-OTHP
C (n=238)

THF, -78%C, 30 min
2. CaCl,, THF, -78°C]

HC== C-{CH,),-OH
C' (n=238)

2. Chlorin efi-Me., EDCI,
HOBT (N-CH-succinimide
in the case of X1), CH.CI,
[VIll {n = 1), IX{n=2),
Xim=3), Xln=8)

1. n-Buli, 3, TBAF, THF. 0°%C, 2 hr

¥ibn=1.%0.n=2 XI¥. n=3 XV¥ n=8

Fig. 1. Scheme for the synthesk of G ra-alkymdestiradiol -chlanin &b conjugates,

denoted in (Fig. 2), dissolved in 10 pl of ethanol,
in an assay buffer (10 mM Tris, pH 7.5, 10%
glyecerol, 2 mM of monothiogly cerol, and 1 mg/ml
B&A, total volume 0.5 ml) for 15 hat4°C. A 50%
hydroxylapatite (HAP) slurry was added to
remaove ["H]-17 p-estradiol, bound to the protein
from unbound [*H]17p-estradiol. After centri-
fugation and three washes in the ER wash
buffer (40 mM Tris, pH 7.4, 100 mM KCI, 1 mM
EDTA, 1 mM EGTA) the HAP pellet was
transferred to a scintillation vial and re-
suspended in 200 pl of ethanol. Radioactivity,
bound to the HAP-pellet, was determined in a
liguid seintillation counter after the addition of
seintillation cocktail, Total binding was deter-
mined by treating ER samples with [*H]-17p-
estradiol only, while nonspecific binding was
determined by incubating ER samples with
[*H]17p-estradicl and 1 pg of estradiol. Max-
imum specific binding By was calculated by
subtracting non-specific binding from total
binding, while specific binding (B) at each
concentration was caleulated by subtracting
non-specific binding from binding at each con-

centration. Each concentration was run in
triplicate.

Cell-Cul ture

MCF-T and MDA MB 231 cells (approxi-
mately 10% cells/well) were seeded into 24-well
plates and grown in DMEM media containing
1% Penn/Strep and 5% fetal bovine serum (FBS)
till approximately T0% confluence, followed
by treatment with various reagents. E,-POR
(estradiol porphyrin conjugate, XIV) or chlorin
eb dimethyl ester (Ceb-Mes, the un-conjugated
porphyrin) were dissolved in ethanol to desired
concentration, and the cells were dosed with
these solutions.

MCF-7 and MDA MB 231 Cell -Uptake Assay

MCF-T or MDA MB 231 cells were treated
with various concentrations of either E,+-POR,
XIV or Ceb-Mey in cell culture media without
FBS for 30 min. After the incubation medin was
withdrawn and the cells were washed 3 times
with PBS, and 1 ml of methanol was added
to each plate, and cells were allowed to lyse for
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Fg 1. Compsitve binding ssays of egardiol and C o
albynykegradickdidatin &b onjugaes with  baculovins
expresial recomildnant ER. Briefly ERa (2 nbdl was Incubated
with .125 mmal of [PHN7-Pedgradial in the presence of
inCresing oncentrations of edradiol or the oonjugae for
15 h & 4°C, followed by trealment with a 505 hdroood apatite
[HAP] slusrry to remove ["H] 17 B-egradiol, bownd o te protein
irom unbound [YHI 17 B-esradiol. Afer centrifisgation and dree

15 min. The cells were scraped with a rubber
policeman and the mixture was transferredto a
test tube. This step was repeated twice. The
combined mixture was centrifuged and super-
natants were concentrated under nitrogen,
dissolved in 1 ml of methanol, and fluorescence
in the extracts was determined in a Hitachi
U2000 spectrofluorimeter (E; =406 nm and
En=670 nm). To determine the extraction-
efficiency, known amounts of the conjugate
(XIV) and chlorin ef-dimethylester were added
to MCF-T eells and they were extracted with
methanol in the same fashion as described
before; and the methanol-extracts were assayed
fluorimetrically. The extraction-efficiency was
»05% (resulis not shown). In general each
concentration was run in six (6) replicates.
Statistics was done by student's¢-test. Although
cellular uptake assays are usually carried out
by dispersing the cells in a detergent (e.g., 1%

wiehes in e ER wash bufier the HAP ped ket was ransfemed 1o a
scintillabien vial, re-sespended in 200 gl of abanol, amwd
radioaciivily was mesiuned in scinllllation countes, Al each
woncentration specific binding divided by maximum specific
Isinmdi g { BBl i percent was plofad agaimt conceniration. 5%
specific binding (EC,) for each compound is denoted in the
Reamds. Each comcentration was ne in triplicae.

SD3) after the incubation with a porphyrin, and
measuring the fluorescence of the mixture
[Momma et al, 1998], we fund that addition
of methanol to the cells {after removing the
media and washing the cells with PBS) lysed the
cells completely and allowed a near complete
extraction of the porphyrins inside the cells. A
similar procedure for the extraction of tri(gh-
cosyloxy phenyljchlorin with an organic solvent
was described recently [Laville et al., 2004).

Cell-Viability Assays of MCF-7 and MDA-MB 231
Cells Treated With Vardous Doses of E--POR
(XIV] or Ceb-Mez

MCF-7 and MDA-MB 231 cells were treated
with E;~FOR (XIV, 0.02, 0.03, 0.07,0.13, 0.27,
0.54, or 1.07 uM) or chlorin 6 dimethyl ester
(Cef-Meg, 0,01, 0.02, 0,05, 0.09, 0.18, 0.36, or
0.73 pM) in DMEM inthe absence of FBS for 1h
in the cell culture incubator. Then the plates
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were exposed to red light for 10 min at 25°C
(heat was dissipated with acooling fan). Ihimi-
nation of the cells was carried out by placing the
cell-culture dishes on the top of a light box
covered in the top with a red plastic sheet.
The lamp was equilibrated for 15 min prior to
placing the cell culture dishes. Transmittance
of the red filter was determined in a UV-VIS
spectrophotometer (Hewlet-Packard, Model
8453). Fluence was determined by a Coherent
Lasermate dotector with a 2.54 em” deteetion-
area (total fluence was 3.5 J/em®), A control
plate was set up in parallel, but the plate was
not exposed to light. At the end, the media was
replaced with fresh media containing FBS and
the cells were allowed torecover and grow for an
additional 14 h. This was followed by Methylene
Blue cell-viahility assay (vide infra). We also
carried out an assay where cells were exposed to
light for 10, 20, 30, and 90 min; and observed
that a 10-min exposure was sufficient for signi-
ficant and consistent reduction in the number of
viahle cells (results not shown). Furthermore, a
shorter exposure-time was deemed desirable to
avoid “heating” related to longer exposures.

Methylene Blue Cell-Viability Assay

After the experiment the cells were washed
with ice-cold PBS (0.5 ml), followed by the
addition of methanol (chilled at -20°C) and
the cells were allowed to incubate on ice for
10 min. Methanal was removed by suction and
the cells were air-dried for 20 min followed by
the addition of 0.256 ml of Methylene Blue
solution to each well, The colls were allowed to
incubate at 25°C for 30 min. Methyvlene Blue
solution was aspirated off, and the cells were
was hed four (4) times with 10 mM borate bufTer,
pH B.5 (1.0 ml at a time). Then the cell-bound
dye was released by adding 1.0 ml of ethanal-
0.1 M HCI (1:1 wv) mixture. The absorbance of
the solution from each well was determined at
650 nm against ethanol-HCI solvent. The ecell
viahility was expressed as percent of the control
(which did not receive any compound, but
received only plain DMEM).

Imaging of MCF-7 or MDA-MB 231 Cells after
Incubation With E,—-POR or Ceb-Me. and Either
Exposed to Red Light or Kept in the Dark

MCF-7 or MDA-MB 231 eells (~200, 000) were
seeded in 30 mm dishes and grown overnight in
DMEM containing Penn/Strep and 5% FBS.

The cells were treated with 1.07 pM of E17-POR
or Cef-Mes in DMEM in the absence of FBS for
1 h. Then the plates were exposed to red light
{light box fitted with a red filter, as described
before) for 10 min at 26°C. A control plate was
set up in parallel but the plate was not exposed
tolight. At the end, the media was replaced with
fresh media containing FBS and the cells were
allowed to recover and grow for an additional
14 h. After this period the wells were washed
twice with PBS (1.0 ml), and fixed by adding
1.0 ml of methanol (-20°C) w each well and
incubating on ice for 20 min. Methanol was
aspirated off and the plates were dried in air for
30 min. One ml of 1% Methylene Blue solution
was added to each well and cells were incubated
at 25°C for 30 min. The plates were washed
three times with 10 mM borate buffer pH 8.5,
and photogra phed using an inverted microscope
fitted with digital imaging system (Twin-Cam
Digital imaging system by Camdek Precision
instruments, Boston, MAL

RESULTS AMD DISCUSSION

Targeting ER in the nucleus of breast cancer
cells with an estropen-toxin conjugate has cort-
ain advantages. Forexample, it has been shown
that the nucleus of cancer cells contains higher
number of copies of ER than the non-cancerous
tissues where ER is expressed | Gotteland ef al.|
1994; Traish et al., 1995; Soubeyran et al., 1996;
Struse et al., 2000]. Therefore, it is expected
that a larger quantity of an estrogen-conjugate
would accumulate in the cancer cells than the
non-cancerous ones, Furthermore, nucleus con-
tains the genomic DNA; and its damage is most
desired in cancer therapy. Additionally, cancer
cells divide rapidly and the chromosomal DNA
remaing in a bare form instead of being
surrounded by histones and thus protected from
damage. Therefore maximum damage to cells
could be expected if the toxins are tarpeted to
the nucleus of the cancer cells.

Support for the benefit of nuclear tarpgeting
was provided in a recent article where
Akhlynina et al. demonstrated that coupling
chlorin ey, a PDT dye, to a nuclear localization
signal and targeting nuelear insulin receptorin
PLC/PRF/5 and rat glioma C6 cells resulted ina
more than2 000-fbld reduction of ECsg (opposed
to chlorin eg alone) and significan tly increased
the photosensitizing activity of chlorin &6
[Akhlynina et al., 1997].
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Ina previous report we delineated the synth-
esis of a Cp-estradiol-tetraphenyl porphyrin
conjugate and showed specific binding of this
conjugate to ER [James et al., 1999]. Further-
more, we demonstrated that this compound
selectively accumulated in ER-positive MCF-
human breast cancer cells opposed to ER-
negative HS5 T8t cells [Swamy et al., 2002).

Although the above results provided the
“proof-of-the principle” of our hypothesis about
targeting ER in cancer cells with a “double-
headed molecule” in which one half has
ER-localizing property while the other has
tumor-localizing property, this compound show-
ed very low photosensiting capability under the
conditions of our experiment [Swamy et al,
2002]. This prompted us to consider chlorin o6
as the photosensitizer, particularly in conjuga-
tion with estrogen-mimies. Hamblin et al
recently described th at conjugation of palyethy-
lene glyeol to chlorin e6 significantly enhanced
the phototoxicity of chlorin 6 in ovarian cancer
cells [Hamblin et al., 2001]. Furthermore, as
described earlier, coupling chlorin eg to a nu-
clear localization signal significantly increased
the photosensitizing activity of chlorin 6
[Akhlynina et al, 1997]. These data provided
potential support for our hypothesis involving
estrogen-porphyrin conjugates for targeting ER
in breast cancer cells and killing them in a
selective fashion upon light-exposure.

An important consideration in the tumor-
selective delivery of estrogen-conjugatesis high
binding affinity between these compounds and
ER. This is necessary for the selective accumu-
lation of these compounds in the desired ER-
targeted tissues, and not in other healthy
tissues where is ER is expressed, that is,
brain, ovary ete. C;y-2-alky nyvlestradiol and its
derivatives are known to bind ER with high
affinity [Anstead ot al, 1997). Therefore, we
postulated that Crz-alkynylestradiol-por-
phyrin conjugates might be endowed with high
ER-binding and enhanced tumor-localizing
properties.

In the present study, we synthesized four (4)
conjugates of C-z-alkynylestradiol with var-
wus tether lenpths and chlorin ef-dimethyl
ester (Fig. 1; n=1-3, B). Introduction of the
tethers at the Cy;-2 position of estradiol was
carried out by nuecleophilic addition of suitably
derivatized alkynyl carbanions to protected
estrone followed by standard synthetic manip-
ulations.

It is known that alkyne group and its
derivatives at Cyx position of estradiol are
tolerated well by ER [Anstead et al., 1997], but
the effect ofa large porphyrin group at the end of
the alkyne on ER-binding is not known. Com-
petitive binding assays of these conjugates
XII-XV) with recombinant ER demonstrated
that all of them specifically bound to ER4 in a
dose-dependent manner, however, with signifi-
cantly less affinity than estradiol (Fig. 2). Con-
centration at half-maximal binding of XII-XV
in=1-8 and 8) were 5.6, 8.1, 6.8 and 3.0 nM
respectively compared with 0.01 nM for estra-
diol. Although these compounds showed low
ER-binding properties, we hypothesized that
such deficiency might be mitigated, at least to
some extent by the tendency of the porphyrin
part of the conjugates to be retained by the
tumor cells.

We continued our bicchemical studies with
one of the conjugates (E1+-POR, XIV, n=3),
because we had maximum amount of this
compound available to us. Since ER-binding
affinities of these compounds XII-XV) were
very similar, we argued that XIV would be a
valid representative of the four conjugates.
Purity of this compound (E,-POR, XIV) was
determined by HPLC analysis, which showed
that XIV was not contaminated with chlorin eg
dimethyl ester (results not shown).

We observed that when MCF-T or MDA-MB
231 cells were incubated with various doses of
gither E;;-POR or Cog-Mey, the conjugate was
taken up by ER-positive MCF-T cells in a dose-
dependent and saturable manner, while Ceg
Me, was not (Fig. 3). Both E)-POR and Ceg-Me,
showed a low-level and dose-independent
uptake by ER-negative MDA-MB 231 cells.
These results strongly suggested that binding
of E;-POR by endogenous ER in MCF-7 cells
might be responsible for dose-dependent and
saturable uptake of this compound.

In the next study, MCF-7 cells were incubated
withvarious doses ofeither B, +-POR or Ceg-Mes
followed by exposure to red light, under condi-
tions described in the Materials and Methods
section. Following the light-exposure the cells
were allowed to grow back, and cell-viability
was determined by Methylene Blue assay. We
used this assay in our experiment because it has
been used traditionally for cell survivability/
viahbility. In this assay only the live cells are
stained by Methylene Blue, providing an index
for cellviability. Recently this assay was used to
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with Increasing concentrations of elther Eo-POR or Cebetvies in cell culiwne media without FBS for 30 min,
Then e calls were wasdhed thres time with PBS, and were sxracied with 1 ml of methanol. The
Tluorescence ln meatluanol extracs was determined (E, =405 nin and = 670 min ). Each point in e graph

repheents an average of sx i6) eplicate.

determine cell-survivahility after PDT with a
photoproduct of protoporphyrin IX induced
by G-mminolevulinic acid [Ma et al., 2000].
We observed that there was a dose-dependent
decrease of viable cells in cells treated with E, 5-
POR and red light; and 0.18 pmol of the
conjugate was required for 50% cell-viability/
cell-kill (Fig. 4A). On the other hand, there was
plmost 100% cell-viability with Ei+POR (no
light-exposure) and CezMes (no light-expo-
sure). The Ceg-Mes-control that was exposed to
light showed some cell-killing properties at
higher concentrations reflecting low-efficiency
tumor cell-retaining tendency of porphyrins.
The above results strongly suggested that
presence of ER in MCF-T cells might be
responsible for the enhanced accumulation of
the conju gate into cells that led to significantly
higher degree of cell-kill upon light-exposure
compared to un-exposed sample. Another
important observation was that conjugation
of CegMes to estrogen strongly reduced the

amount of porphyrin required for cell-kill. For
example, at a concentration of 0.18 pM there
was 5% cell-viability with the conjugate (light-
exposed ), while there was almost 100% viability
with Ceg-Me, (light-exposed) at this concentra-
tiom.

In the case of ER-negative MDA-MB 231 cells
there was no significant cell-kill with Ceg-Mesin
the presence or absence of light (Fig. 4B). Thisis
in contrast with MCF-T cells where low but
significant cell-kill was observed at high doses of
Ceg-Me, (Fig. 4A). This might be a reflection of
the inherent difference between these cell lines
towards photo-sensitivity. On the other hand,
almost equal level of cell-kill was observed in the
absenceor in the presence of light when thecells
were treated with high concentrations of E,4-
POR. This phenomenon may be related to “dark
taxicity” involving low-level taxicity of porphyr-
ins that are not exposed to light, that has been
shown in several systems, particularly when
the core porphyrin moiety is modified [Stilts
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ot al, 2000, Viente ot al, 2002]. Thss &
exomplified by the ‘lveling off® of toxicity at
60%-70% cadl viahility (Fig. 4B). Pwthamare,
itshauMd he appraciated that such an effect was
ohserved at high concentrations. For example,
with MCF-7 collz 50% coll killwasohsrved at a
concantration of 0.15 ;mol  E 1 POR Fig.4A).
But at this concentration cell kill in MDAMB.
231 colls was only approximately 5% m “hight-
exposed” and “dark” samples (Fig. 4B) (please
note that diferant scaling methods i the
abackisa wore used in Fig. 4AB).

Collectivdy, the above results showed that
the preamnoe of ER dgnificantly mereased the
accumulation of the conguga® and frangly
reduced the cancentration of the porphyrin
required for effective cellkill Observatians
in Figure 4A B were vimualized by mcubating

MCF-7 and MDAMB 231 wll with a fixed
concemtratian of ather XIV o Co6-Me; and
than expodng tham to red light for 10 min, or
keoping the cells in the dark Aftor the treat.
ment the colls were allowed © grow hack and
Mathykne Hlue was addad to sain viable cells
fdlbwed by photographic maging of the ella
Rosults of thase assays are shown in Figures &
and 6.

With MCF-7 cells thare was no significant
difforence in viahl cdls botwean E -POR and
Cof- Moy troated samples whon the cells were
nat exposed to ight Fig. & upper half, maddle,
and nght paneks raspectively). Athough mum.

bor of viahle colls In untreated dark control
(Fig. 5, upper half loft panel) appeared tobe lass
than the treated samples, thiz could bo due to
photographing of an area with ks deraity in

’i

L o™ !
’:'7 ‘.‘Y.‘ ,'.

radiol-Chlorin €6 6

I Dark Control l

Light Exposed (10 minutes)

fig 5 brugngol MCE-7 onlinafe s nadeeon wirth £, 8 ON or Cetl-Mie; and ether mqaonedtoned ightor
lomps i e MOE -7 onllawere twated with 107 Mol oK or CnteMe; 0 OMEM 0 the sberc o of

FaS e b Then fre platen wew oo wdto

rectight foe 10 min 2t 25" C A contral plate wass sty pon paraded

that vam notep o tolght A the end, e msdo wan ep sond with fre media con tan ng P25 andgrown
fior 14 b Aftwr tha prriad the wellawere was shwd barom weth PS5 (1.0 me) bl wed by Methylon s Sie onli-
veabslty smvy. T ha cellswens photagraph ediun g an imerted m coscope ttedwih d g a0 mag ng wten
Kdor Sgum can baviewed o the onfwe e, which m svonlable 2 www nters coen onwsley com. |
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chwk T b ool v om pmated with 107 Mol 3 POR ar Cat e
n DVEM 1 the sbmence of FES for 1 B Theo the phte ween

wpownd 0 ned ght for 10 meoxt 25°C Acontolp e we wt up
o el h 2w o e ed to L A thae end Hhe med 5w

collpopulation. In the light-exposed samples
thare was strong coll kill inthe casoof E (2 POR-
treated sampl (Fig. & lowa half, middle
panal). But there was no significant dfferance
botween untreated and Co6Ma treatd ik
(Fig. & lowa half lef and nght panek
respoctively).

In contrast, MDA MB 231 colls appearedtobe
practically unchanged when axposed to hight or
kaptin thedark in the presenceof the congugate
(B POR) or un-conpugated parphynin Ceb.
Moy Fig. 6, all the pands).

Collectively ahove results domonstrated that
presonce o ER in tumar «lls agnificantly
mereased the uptake of the corjugate despite
relatively low ERbinding officency of the
later. This ohsarvatian supported our hypoth-
o5 that poor ER hinding affiraty (of the con-
Jugates) might be mutigated by the tendency of
the porphyrin part of the corgugate to be

rﬁmm«-’ammngltnd for T4 h
aparard the wells wew wanhed bwics woth P, (1.0 mi
wlowd by Met yeon Sun oy T ha onl wern
prongaphed usng = Nveted Moo gnd wih dged
mag ngepem. Color Sgum can be viewsd n the onfoe s,
wh o v abde 2 waw intene s cnwsley com. |

retamed by tumor colls. Thus, higher acumu.
lation of the conjugate in the ER podtive tumor
oollz boad to significantly higher coll-kill wpan
hght-exposure. Thu phonomenon mght aliobo
further by moreased
ity o the uncomgugasd porphynn elionn
i dmethyl ester) upon choemdcal conjugatian
with a hydrophobic molacule (a denivative o
wtradiol n this cam) a5 noted by othors
(Hamhblin ot al, 2001].
Furthermore, these results frangly sug
thatconjugation of chlarin of tosstrogan
sharply bwered the amount of the dye to obtain
kil in ERpoative breaz cancar colls.
Therdore, cllectively these mesults under
scared the strong patential of targeting ER
ER-exprossing breast, ovanan and cervical tu
morsforselective and officient dolivery of photo
taxms to albw selactive tumar coll kdll sparing
airraunding healthy tsauea Therdlore, this
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approach could potentially allaviste certain
draerhacksin redi tomal phetody nemd etherap y
of cameer nvahingless-than desirahle s anm .-
latiom of PD'T dyes intoeanecer cdls.

Howewar, i shaold be noded that the resnhs
daperibed in this commimie stion wera genarns-
ted strictly incallnlar assays. Theredore, trans
latiom of this dat imdo an animal medel or imos
clmical sfuation requires further work In sl
the sssays, calls were dmed for an hour in &
madia that was frs o srom. This wes dms to
enhanee the sastivity of the assavs, althongh
it repesanis & non-physolyiesl stoation.
Furtharmore, simars are aten hetorogenams,
and some ER podt ve tomars might o press ER
at significantly highar smmnts than othors,
and view varsa As & menk there will be &t
farential sy ornnlston of the conugate mio ER-
psitve tomars dapending on thar ERemtent
However, 1t shanld slsabe apprecistod thet low
ER-comtant m some tumars wanld sl allw a
low dose of the comjugate to accnmmlate nto
tuma and proserve is photsteric nafmra In
such cases the tomor raaming proparty of the
corgugata will prohably he governed predomi
nantly by the porphyrm part of the conogate.
Therefara, n & dimical sat ap, low ER-comtain-
ing tamors could stll be trested with thase

corgugntes by miratimeral mjestien of the
coTgogata, ofpoeed in ayetamie adrmd e ation
Zuch a del wary reute mighthe benaficial for the
daired acnmulation of the conjogata i tha
tamar.

It should aka ba noted that m an in wiwa
syEem an estrogen{orphymin emjogate is
band to srnmulate mto argans, mauding
breast, whora ER i significanthy aonprassed.
Homever, for hreast tumar, far ﬂ:u:u.i:h. light
will gristlyhebemwadon the braast Thos cther
ER-comtaning ong ans will ha spared from tor-
city (doe to the photostiveting nature of the
corgagata] . Therefore, by har neasing the i ghar
axpression of ER m hormone-sensitive hreast
tumar and s ngihe light anlyon thetumorit
might ha possihle to indoes phatotor gty and
resulant sall death in the mmor sdectival v.

In eonclosion, the combmation appoech,
iwdving a “dmblahaded dmg® with dual
mechanism of acion has tha potertial to be
applied chinically for hormons- sens 8 ve cancers
in organs whare ER & agnificantly eopresaed,
afther as momstherspy mwvehing s photo.
induced seletive destroston of tomer cdls
and/or adovant thers py in post-sorgesl traat-

mrnd for the dastroatdon of resddo sl cancer aalls
in teses smanding the tumer. However,
much forther sodics will b requirad to hring
this mathed to the malm of treating braosst
b
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Photodynamic Cell-Kill Analysis of Breast Tumor Cells
With a Tamoxifen-Pyropheophorbide Conjugate
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Breast eancer cantinuas to e & magor threat
towards wornen'’s haalth, and a leadmg canzaof
fatahty. Extansive rasanrch hasemph scized the
aitcal mk of endogenons asrgen m the
development and progrossion of hroest canoor,
and sressed the indarasion hetween astrogen
amd 1t ea lular roecsplor, sstrogen roosp tar (ER)
in these procesaes. Thoohle-: hea ded” mol e les
oM tadn in g ety ad dal and toxrns (geld ansmyEn,
chlarambual, dymes | have beon synthesized to
targal endesgerons ER m hrmonesensitive
hroas tumor br tomorskative debvery and
tomieity as wall & mdcimagng of twmor,

Fubrgi Fallvw S [emnsiame o Gramem. Oegissm
Famkadds tpmmea, |'=mewsdad de Bmasgn ds C oo
k. b v e, [ = ey et i e i e, F o
da Vermersm T=reewvisd de Ersemakers, Carserss
Em=

N racamesd

firmmt oo Coomrmsy Tedtzohpgy Foxd, Bomes
=rreemry

o eanadenca - Aslbd Ray, Seen s Unsrersesy Sclnnd
of Mlad e, B-1002 A Eam Newim S Berion, S
P ol becaphesdn

Racered 2! [lecambar S0 docememd 7 Falrmmey ANE
b BT A TR

O 0 ey, e

potertially taking advantage of tha owver
apessa o ER m @omor sells mlative to
haalthy tisue [Koduk ot al , 1999 Skaddan
o al, 1999; Essigman otal , 2001; Pumhitetal
2001; Sharma a al, 3004]. These eorgogatas,
howover, comtain towins that do not have any
parteulsr tendaney oo be retaned by tomor
cella As aresulttheio in partofthe inkeddmg
do not comiribote toward s tomar-acenmn lat an
o the conugste. Consdering that the ERE-
conient o wirmgenraepnEve cdls is moughly
100,000 eopies par call Webh a al | 1942, ER
hinding affinities of magority of thase come
pounds are nat high aneugh for thedr seleetive
ae oo ladi om indo the tomar

Porphyrine are photmensitizers Therdlore,
when thae mme sxpesed to visihle light they
catalyze the hrmation o singlat o ygen, thatis,
cytotarie . In addmion, parphyrins havea nsafal
proparty of being retained somewhat prefomen
tial by by malign ant tisenes, possihly doe tothedr
mnigoe chemiral sroatomes. This s the basis of
phacdynarse therapy of cancar (FOT) Fihats
at ml, B0O1].

Wa hypothasred that chemical eooplng of
astradiol with a porphynn might dimdnish the
ande dependeneyof the conugete on ER indmg.
Revently wa synthesized several estrogemn. por
phyrin enjogetes i hamoes the tumor reten
ton property of porphyrine Wa showad that
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these canugatos seeummlated mis ER postive
hroast tomor colls, despite low ER hinding
affimties [James a al, 1999, Swamy of al ,
202, Seramy ot &l in praes] and sdeetivaly
lled ER-poaitive hmast tomor cells [Swamy
ot al |, in prass].

Aa noted carhiar, astrad iol i imp e sted mothe
daveopmert and progresson of hrosst cameer.
As & mamlt sntiesrogens that dismopt the
inter ation hatewemn FR and atrogen (spod fie
catrogen respty moduldors SEEMa] have
ban developed Tamodfm (TAM), a SEBM,
hes enjoyed conaderable mieress in the hor
moTns trastmant of hroest somer [ Dardes ot al |
2002, Park and Jordsn, 2002] Sevaral othor
EEEME aro enmmently mnder varous phasas of
clinical trals with strongly enoursging
reails. We hypothesize that an antiestrogm-
paphyrin onjugste might peduws selective
phototewietty m hress tonor withoot any
ontoward sysemic affect. In this commumies.
tim we describa resuliz of cur initial effort to
damonsrate photoedynamie oall kil of MCF-T
hreast cancer oells with a TAMgporphyrin

T gata.

EXPERIMEST AL MET HODS
Zynthess of tha TAM pyrophespharhide con-
Jugata (TAM -Pyral Schama 11, ineloded in this
commumsation, was reported sardier in a
samntific meating Fwamny et al |, 2001] Detadled
daaription o the gmtheeis will he pobh hished
elewhera

s

Fa—oH L ~O T RS

ForTot U6 [ (el

B ||--;_r|!,'_h W
7 [T WL ¢ Dy T E—

Pyt

Coam petrl e Binding Assay of
TAM.-Pym With Ea

Competitty @ ER hinding anal ya s was carried
ot by i me o setin g ha oo Joviros o pares sed Teonmn -
hinant ER-x (Pamvara, Madieem, WI with
0125 oM of ["H-17Tfestradiol (ap. astiviiy
4 Cimma] in the presene of moramsEng
consnirations of stradiol o TAMPym (as
denoted i Fig 1), disscheed in 10 @l of athamal,
mn an assay offer (10 mM Tris, pH 74, 10%
ghyoerol, 2mMof momothi oglvearal, and 1 mgml
E=A todal woloms 0.8 mll fr 18 hat 4C. Ths
wis fallvwed by tha additon of hyd reoy] spadiis
(HAP) shurry to remows pratedn beamd te [TH]-
17i-astr madicl from unbound [ YH] 17 flestradiol
Miar eaninfogetion and three weshes with a
wash badfr (imM Trs pH 7.4, 100 mM EC],
1mMEDTA 1 mM EGTA tha HAP pallet was
trameforred to & santillation wvial and re-
muspanded m 200 @l of ethanol Radiosstiviy,
wund to the HAP-pallot was determined in &
liqoid santi latiom eaonter aftar the addition of
scintillation cockted. Total hmding wes detar-
minad by treating FR samples with [*H]-17f-
estradid only, while nonspeafe inding wes
dotermmad by mahsting ER sampla with
["H]-17 fomtradial and 1 g of setradial Max-
mam speeific hnding Hyl wes calwlaied by
mbirating non-mpecfic hindng from total
hinding, while specfie hinding B at axch
consentration was calmlsted by snbirasting
nm-gpacific hinding from hindmg &t each eon-
semiration Each cncentration was mm in
triph cate

raike
L_.i'\— i

b j-== T

e 1. Syt ol TAML s
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fig 1. Compettae o badng seay of | AMP o 6Tl
Photodynaime Cell-Kill Andyss of MCF-7 Cells
Traated With TAMP wo ar Pywopheapho rbide

MCF.7 colk (ATCC, Manasas, VA) were
grosm in 05 ml of DMEM media containing
1% antihiotics and 5% ftal bovine smrum to
pproximatdy 60% confluence i 24well call
arlture platea Than the colls were dosed with
ethanol or 5.3 s Mof psropheaphorhide ord 3 M
of TAMPyro for 60 min (pyrophesphorbade
and TAM-Pyro were dimolved i ethanol, and
required amounts wae diluted with IMEM
media 20 that ameunt of ethanol was 0.1%). At
theend of the meuhation one plate was ax posed
tored light for 10 min and the othar was nat.
Light eaposure was carried ot by placing the

ooll aulture plate an & shde viewing bhox whese
hghted surface was covered with a red plastic
shot. [The lamp was equilitrated far 15 mm
priorto placmgthe celleulture dishes Heat was
disapated with a coling fan Tramsmittance
o the red fiker was detammed m a UV-VIS
spectrophotometer (Howlet-Packard, Madel
8453). Fluence was determined by a Coharant
Lasormate dotectar with a 254 am? detection
area (tetal fluence was 3.5 Jew? ).

After the imadiation step, media were
remaw od from both the plates and repl aced with
DMEM containing &% FBS and 1% antihiotices,
and the colls wore allowad to recover far 16 h.
Then the wells were washed twice with PBES
(1.0ml), and fixed by adding 1.0 ml of mathanol
(~20C), and incubatingon e for 20 min. Than
mothanaol was aspirated off and the plates were
dred in air far 30 min. One milllter o
methylkne blue solution (1% m 10 mM borate
buffar, pH 85 was added to each well and
meubated at 25°C for 30 min. The plates were
washed three times with 10 mM borate buffar,
pH 8.5, andthe cel ks ware photograp hed with an
mmdmwﬂ&d-ﬁdgtdnmm

mm&tw“umdwt&rum
and the photograph shown in Figure 2 & a
TOPr GROTRA LIVO Ond.

Vehicke Control

TAM. Fyro
(SN} (5.3u0D

Plate exposed to light

TAM-Pyro Pywopheophorbide
(S3uM) {53uM)

fg 2 (esolingauaymof M2 -7 onls twand with TAM-Syro or pyrophacp ot tle, ad mbher
© et Ight or kept i the daek. [Colbe igum can be viewsd i e onloe e, wiich =

WWW. N B Cee on W ey o om |
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RESULTS AND NSOUSH 0N

PDTiza leea bz od therapy for the trestmant of
aearly stage maligmancsy, palliative tharapy fr
late stage daease, and for tumor bed stembza-
tim to destroy any mesidoal tomer edls
datached during resection or any metastad aed
calls in the area of i ght dlominatien. In the US,
PDT has been approved for early ar late stage
lmng eancer that are not aranshle to surgery,
olmtmaive ssogphageal ancer, setinde hors.
toses of the skin, s wall as for age-relstad
maeular degenaration of the eye [(Fisher ot al |,
1945 Axer-Sogel ot al, 2004; Marmur ot al ,
20i4]. PDT wes mwestigated for pallistive
treatmemt for the etsnans mewmrenos of
hreast cancar (Mang ot al, 1995 Allison ot al |
2001]. Recent]y Dalmans ab al [2002] mqor ]
daday a tumer grewth in the PDT o a murine
arthotopis hreast tiumor madal

A brmiting faetnr in PDT mvaves manfficint
kbeahzatin of the PDT dves mdo tumer keadmg to

demageto sirround ing normal tieeus.
Developramt af PIT dvee that leahz o mio tmors
wrth high degree of saectivity has hean & magar
chalkmge. Sovaral maheds for the anhansed
delivary of POT dyes o tumas by chamieal
comfgatin or asadation with LI, lpsanas,
and migosphara have bean stemped with
bhomteed mwreoes [Darycle and Witta, 2004, Shar.
man at al , 3004] Rerendly unigqos im o ne signals
on the surfass of catain canear calls have hean
hamassad by chamically comugating PTT dws ta
antibodies to these agnak Gofl of al, 19496,
Vomnreets a al, 3001] Howeor, paucity of
actve mechamam for the inemabmastion o theas

Um tha ather hand, TAM, dinically the most
widaly need a ntdesrogen, wasshownto hava orte
static effedts in ERpoative and ER- negative
hresg concer cdl i viire [(aldenbarg and
Frosss, 1958]. Paradoorizally, TAM was formd to
stimulate edhuler groeth in the endomatr um,
putting the women taking TAM inde small bat
significand risk of endametrial cancar [Dandes
ot al, 3002]. Ths puzzle was dedphered afier
the discovary of ERfi phanotypa [Pasch of al ,
1997 It wms renh sed thet T AM swts e am AP-1
aite antagemistin ERy and AP-1 site agomist in
ERfi. It was also dimovared that endomatrial
h.:unﬂ predominantly comains ERf [Paach

al, 1947, Theredwra duality of stion of
Tﬁ.'l.!:il memihed © its imdesirad migration nte
endometrum and the suhsequont side affect

Wo hypothesiaed that by chemisally eomjo-
guting TAM with a porphymin it might he
pesshle to mdues the dependence om ER
hinding, and direst the conjogate sedee tivaly to
tha tomer edl. Toe prodds a prmaf of this
hypothaeis wae synthesized & TAM porphyrin
comjogate Sehoma 11 In this sy nthedie schame
( Zr4-hypd mrptamerifen Sigma Chamical Co,
24 Lownis, MO, anatorally ccenrring matabolite
of TAM and a srong ER hindor, was used as tha
marting matarial . Pyropheopharhide (Fronter
Samen, Logan, UT}, a parphyrin, was attached
to TAM via a soven-carbon lang tether.

Raoanliz of the ER himding assa vs showed that
tha half- may mal onsentrations of TAM-Pyro
and Es ware 22 amd 00078 nM, raspectivaly,
muggesting & dgmfieantly bwer ER hinding
affnity of TAM-Pyre compared with B, Fig 1L
In & memnt sidy we olsarved that low ER
hindmg affinity of an astradial porphymin com-
Rgute B not prevent the sonjugete to bataken
up at & dgnifieantly higha concaniration hy
ERpostive MCF-T lmman hreast cancer aalls
compared with ER-negative Hs378t human
hroast camcer colle, & woll & demaonstrating
selaetve photaomaty m MOF -7 alls [Seamy
ot ol , 2002, Swamy ot al, in press] These
meulis suggestsd that lbw ER hinding of the
sty adid porphyrin onjogate might be @om-
pensated for, st leas m pant, by the natoral
tumerratainng proparty of the parphymin pan
of the engate. In the same token we antis-
pated that TAM-Pyra dapite e ER hinding
affinity might be taken up by MOF-T ealls, and
digplay anhaneed photatericty mdative to an
equivalent amcunt o pyrephsophartide, the
uncorFagated pompTm.

Targeting a nudsar compomant (ie, ER, &
noelear receptor | o tumer aells for phateteod oty
has sertain advantage. Far axample, Akhhmina
et al (1997 ] recantly damem st ated that target-
mg & niclear @gnal m ghoma eall with &
chlorin o comjogate d ramati cally inereased the
photedymamie aedlkill mlstive to the un-eon-
muguted parphyrin (chlorin afil

Wo menhated MCFT calls with &3 oM of
prophaphorhide o 58 oM of TAM.Pyro fbr
0 min m the dark fallveed by axposore to med
light In this praimmery study we naed this
dosa hased on cur experiancs with astrogen-
porphynn com g stes Swamyetal , in pross] as
wall @ ltersture prosdora For svsmple
Yamamode ot al . [20085] recantly carmied oot an
i vitro PDT gudy of glial cells with a dose of
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A5-30 gg'ml of the porphyrin In our coss,
653 pM of TAMPym uosed for owr sody
translatos mto approvmately 5S4 ggml of
TAM-Pymo. After tha light expesurae the cells
ware allowad toracover for 16 h and mathylena
hlue asay was porformad . This assay is ront-
naly usad for cdl viahibty, becanseonly the bve
ks are stamed by methylens hlue, providing
an ndex far eall wiahility.

fAs ghoernin Figure 2, qpper pand , whn the
ool ks ware not eooposed to red ight, thame was no
significamt cellkill by pyrephecpharbide or
TAM-Pym. In contrast when the mllk were
arposad to red light, strong calllB1 {meduced
numbar of viahls calls after 16 h o recovery
peried] wes cheerved with TAM-Fym (Fig. 2
bwar panal, middls figorel, ot there was vary
litile enl] dewth in pyropheophortide and light-
treated calls (Fig. 2, lower panal, rght figarel
Wa have carmied out this s ay thres times and
Figura2is arqpresentation of a prpical casa Wa
countad the lve slls after methylens hlue
trestment mder & miooeopae There were
approdmatdy 10-15% of hve aalls Gvar sge of
thres erparmmani] in TAM-Pyra and light-
treated cals (Fig. 2, middle figome of the hottom
panall compared with 1004 (live calls) with
wahicledraa®d calls. In all other cases thare
whs no @gmfieant differanee botwean vohicle-
treated cdls and cells trested with TAM-:Pyra

ino Bghtl or pyephegphorbada
Tha abvwe rsulis strongly suggest that the
mterartion hetween the ER in tha

cells and the TAM pant of tha TAM-Pyro
cnfgute might have cused & saledtive aeon-
mulatiom of the conugete inte the edls, which
msulted m & higher cdl Bl npon exposame to
med hight Tt is to ba noted that we dd not use a
EREnegutive call as comtrol, becamse TAM has
hewmn shown to be offetive in Blling ER-
nagative ells alioby an ER- mdependont path-
wiy Goldaberg and Froses, 19%2] Sach &
phenamenan mig bt confound ear phetod yoamie
oell bl data

Om the othar hand, lek of aolldoath in
prrophogphorhide lightdraated cells mdicated
that either an m&gnifieant amount of the dye
wis taken up by the aolls tocanse any cell death
or prrophecphorhide light reatmant esmsed
minor damage ta the ol that resovered
quicHy. In the hrmer casa majrity o pymoe-
pheophoride prohahly stayed disolved in a
large valome oftha media . Al thoogh exposare to
light predoced cytotowe sngla oxygen n the

e is e wall & m the aalls), these moke sl s
Emglet arygen | are vary shornt-lived and traval
vary short digtance torasuk any edlldll In tha
latter case consderahly hgha dose of pyro
phaopharbide wonld have beon rogmred to
impartsigmificant ed] death . These results alae
muggeat that n sclmical sot opeonsiderahl v lass
amannt of the conjugats (TAM-Pyral would ba
required to canss timor ed] desth, thos awedd-
ng&de affarts

In summary, TAM-Pym, a TAM-pyrophao.
phahide snjogste showed specific hindng
affinity for ER2 and displaped sronger eall
blling proparty in MCF-7 bross cancer calls
comparsd with onemjugated prrophasphor
hideupon expeanreto red hght Theredre this
onjogate i paentially & magmt for ER-
targedad PDT of hormone-sansitive cancers o
hreast and other eetrogen emsitive orgens and
tiwue. In additen this compound might ba
dervedd of systemm e adverse affests of the enrra
gomding sagrogen compunds However, @
ghould b noted that this raport inchodes data
that are preliminary I nstore to baseslly
provids the proof of the comeept
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Abstract

1,25-Dikydroxyvitamin Dy (1,25 0H)D4), the biologically active form of vitamin I has strong antiproliferative effects in cancer cells,
But it is highly toxic at therapeutic doses. We have observed that 23-hydroxyvitamin Ds-3-bromoacetate (25-0H-Ds-3-BE), a derivative
of 25-hydroxyvitamin D, the pro-hormonal form of 1,25{0H):D; has strong growth-inhibitory and proapoptotic properties in hor-
mone-sensitive and hormone-refractory prostate cancer cells, In the present investigation we demonstrate that the antiproliferative effect
of 25-0H-124-3-BE is predominantly mediated by VDR in ALVA-31 prostate cancer cells. In other mechanistic studies we show that the
proapoptotic property of 2540 H-1:-3-BE is related to the inhibition of phosphorylation of Akt, a pro-survival protein. Furthermore, we
carried out cellular uptake and serum stability studies of 25-0H-D5-3-BE to demonstrate potential therapeutic applicability of 25-0H-

D;-3-BE in hormone-sensitive and hormone-insensitive prostate cancer,

© 2007 Elsevier Inc. All rights reserved.

Keywords 25-Hydroxyvitamin Dy-derivative; 1,23-Dihydroxyvitamin Dy; Prostate cancer; Vitmin D receptor; Akt pathway; Apoptosis; Serum stability;

Bio-availability; Cellular uptake

Prostate cancer is the second leading cause of cancer
death among men in the US. Although it mostly aflects
elderly men, the number of younger men with prostatic car-
cinoma is significant and increasing. Change in life style
and increase in longevity has further emphasized the need
for the effective treatment of prostate cancer, particularly
those cancers that do not respond to androgen-ablation
therapy [1] The current clinical interventions for prostate
cancer include surgical removal of prostate, radiation,
cryotherapy and chemotherapy. However, these clinical
strategies are associated with life-altering side effects
including, but not imited to, incontinence und mpotence.
The mamstay of hormone therapy to reduce the level of
testosterone and block its harmful effect in the develop-
ment and growth of prostate tumer includes agents that
are invelved in androgen-deprivation and androgen recep-

* Corresponding author, Fax; +1 617 638 8194,
E-mail address: bapibuedu (R, Ray),

O006-291X/% - see front matter @ 2007 Elsevier Inc. All rights reserved.
doi: 10, 1016, bhre 200707012

tor antagonism. However, for prostate cancers, localized
and/or metastatic, which fail to respond to androgen-abla-
tion therapy no therapy s currently available.

Numerous epidemiological studies have demonstrated
the importance of dietary vitamin D in preventing various
cancers [2-4]. In addition, the therapeutic potential of
la, 25-dihydroxyvitamin Dy (1,25 0HLD,). the biologm-
cally active metabolite of vitamin D, and its analogs cither
as monotherapy or in combination with chemotherapeutic
agents in cancer is well-documented [5-13] Although some
anilogs (eg. EB-1089) have shown promise [14.15], and
Caleipotriens (Dovonex) has been approved by FDA for
peoriasis, availability of efficacious vitamin D-based cancer
drugs with low toxicity has remained clusive.

The design, synthesis and development of non-toxic
analogs of vitamin D has focused primarily on chemical
modifications of various parts of 1,25/ 0H Dy because this
dihydroxy metabolite of vitamin Ds is biologically the most
active form of the hormone. Although 25-hydroxyvitamin
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growth inhibition of ALVA-31 cells would be cther elimi-
nated or diminished in cells transfected with a VDR-anti-
Sense vector,

As shown m Fig. 1 growth of VDR-sense cells (empty
vector) is strongly inhibited by 1077 * M of 1,25(0H):D;
as reported earlier [20]. Conversely, the growth of antisense
cells treated with 1077 °M of 125(0H).D; is similar to

that of ethanol<ontrol, confirming the requirement of

VDR in the antiproliferative activity of 1,25(0H).D; in
ALVA-31 cells. In the case of 25-0H-D3-3-BE, 1075 M
of this compound strongly inhibited the growth of empty
vector (sense cells), while growth of anti-sense cells is sim-

ilar to that of ethanol control. However, with 1077 M of

25-0H-125-3-BE, the growth of both sense and antisense
cells are similar o that of the control. This result is n
accordance with our previous studies where we observed
the antiproliferative effect of 25-0H-D3-3-BE is strongest
at 1078 M dose, and decreased significantly at lower doses
[18]. Overall, the result of this assay strongly emphasizes
the requirement for VDR in mediating the antiproliferative
eflfect of 25-0H-D4-3-BE in prostate cancer cells.

We observed that 25-00H-D4-3-BE is approximately one
log scale less efficient than 1,25 0H):D; in inhibiting the
growth of wild type ALVA-31. Earlier we reported similar
dose-dependence (of 25-0H-D4-3-BE) in modulating the
message for 24-0Hase and indueing interaction of VDR
with RXR GRIP-1 transcription factors [18]). Diflerences
i the potency of wvitamin D analogs to mduce vanous
gene-regulatory events through VDR have been reported.
For example, 2ZMD, an analog of 1.25(0H).D4 shows a
range of sensitivity for regulating gene expression from

10
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Fig. 1. 25-0H-1;-3-BE inhibits the growth of ALVA-21 prostate cancer
cells through a VDE dependent mechantsm, ALV A-21 control (vectar)
and ALVA-31 VDR “mull” cells (antisense) were treated with the
indicated doses of 1,250H )05, 25-0H-D:-2-BE and ethanol control
for 6 days. Monolayers were harvested for DNA quantification. Each
condition was conducted in triplicate. Values are presented as mean DNA
concentration <+ standard error.

EDs = 107" mol/L for the up-regulation of RANKL to
EDy, > 107" mol/L for induction of osteopontin and 24-
OHase mn mouse osteoblasts [23], Somilarly, 1t was shown
that RO-26-9228, an analog of 1.25(0H).D; has an EDg,
of 2.1% 107 ¥ mol/L for the mduction of 24-0Hase, and
an EDeyof 2.7 % 1077 mol/L for the induction of Calbindin
DY9K in Caco-2 cells [24] Therefore, the lower efficacy of
25-0H-D4-3-BE compared with L25OH )2y in modulat-
tng gene-regulatory events 1s not unexpected.

25-0H-D33-BE infibits Akt phosphorylagon in PC3
prostate cancer cells

Previously, we reported that 25-0H-D3-3-BE induced
nuclear DNA-fragmentation and activated caspases 3, 8
and 4, hallmarks of apoptosis, in PC3 cells while an equi-
molar concentration of 1.250OH)=D; and 25-0H-D failed
to do so [18]. Induction of caspases and fragmentation of
nuclear DNA represent downstream signaling markers of
apoptosis and these markers are regulated by their
upstream modulators such as Akt kinase. We postulated
that induction of apoptosis by 25-0H-D,-3-BE might be
mediated by the down-regulation of Akt-activity resulting
in the observed up-regulation of pro-apoptotic proteins.

Akt (aka protein kinase B, PKB) s a sering/threoning
kinase that s involved in signal transduction by phospho-
inositol-3-kinase/Akt pathway. Aktisinvolved in a variety
of normal cellular functions. In addition, Akt has profound
effects in tumorigenesis, cell proliferation, growth and sur-
vival. Recently it has been shown that Akt regulates Gi 1)
cell eyele progression and cyclin expression in prostate can-
cer cells [25], Another study showed wpregulation of Akt
and other growth promoting signaling molecules in malig-
nant prostate epithelial cells [26]. We postulated that mdue-
tion of apoptosis by 25-0H-D4-3-BE might be mediated by
the down-regulation of Akt-activity resulting in the up-reg-
ulation of pro-apoptotic proteins. As shown in Fig. 2, we
observed significant inhibition of phosphoryiated Akt in
prostate cancer cells treated with 25-0H-D4-3-BE, while
Akt phosphorylation was unaflected by L25{0OH)D,.

s:*:"#
dé\

o
cﬁ\'m.
da \':1‘@- fed

2

p-AKT T — ———

AKT . a— —

Fig, 2. 250H-[:-3-BE inhibiis Akt phosphorylation in PC-3 prostate
cancer cells, PC-3 cells were treated with equimolar concentrations of
12500 H) -5, 25-0H-D,-2BE and ethanol control and Western analysis
performed for phosphorylated Akt (p-Akt), The blot was sripped and re-
probed for total Akl to ensure equal loading of protein n the lanes,
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with oiber meambers of this gene fomily. In oddnson, afl
thee Cys remidoes m DEP, in onavtrast with ALK, are oni-
dized in disnifide nkages

o nimg 1he past desads sewrel stroom re—fon otsom siod-
s were amed ownl o strongly soggest thod diffens
domains of DEF are nsspomsshle for s vanos bzand-
iinding, aciivites. For ssample, doomain | was shown 1o
e enclusively resered for viemm D semlbmding (73—
IT|, while (iactnhinding iakes place 0 doman (11
[F33 7] DBP-ssaf actinvites, which are maniksied by
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the marma] degyoosvimion of carbobydratecomainmg
[BF, ar akeo resmoisd & domamn 11 of the proten 28]
Im the Dighiof thess o besrvasom nhe hesn soggesed thal
here may e o aws-aik smong the stroctora] Somams of
DEPF a0 Sat hending of one Brand may i fiesn oe the hind-
mg of anoiher.

In #hes mvestgmion we pobed 2 hydronyvitumen Dy
(| B H- Dy ) imcdin g (| fhe s ngest binder among all namw-
rally oxwmmg vwiamin D meaboiieq by oman DEP
mng I-poksdnybSenlnme (TRS) as a floorecam
reparier modlcnle Hesohs of the aboe sindes are ds-
mossd in this comemmnaason o the lgh of mmiEpke
ligand hinding by DEP and ms pmohahle pbssinbogacal
irnphicad s

Mol aml mofieds

Froal rroma DAF vma omemd Som comreemlly avERSE
powicd Aaron w=mn (Ame=ca Red Cme Dediam, kG By o lgpad
sinry chnmoearne e metl = ar hnosary (2] The
roamtmEs C-irmme dorom af BIIH P jdoroes 1L RIDHF 277850
wm rrrand n wcesy by o il ool 24 9] 48 o
e rETEa T rmna = om Spra-Aded Chemrme
Co, Midwacgtee, W, coxpd [M027 FH 2 pdrorprammm. 1 A28
(-1, nprode sensy X0 (himmo A, e meth e Enm aFom—
SIF, Hewtom, B

ADAr & RN ¢ 2LOR-0 (ooslar oweein) Sl (200 of
S0P = Tow e il 4 were esbeoated wal T35 (2pgias 248 90 s
A o S i pose e, i smmon ey ol 200D, RINI, 001, 0,
md Tpg voe sded o i DEP-THS oemom. =il Soswomo
e wre Tmrial = e lishchy F 300 Floracs: Soesaho-
mmars b s EpearcrEsmes. o iy of sihor (=
Tem bafer) THE 4 2900H-0,, WP TS pmd BOEP 4 THE § 24
EaH=13 ] g woe saerded.

AnEe @ e raeiy 4 THS inorenr o) S o SlXHF
(31 g el e Trm e il 04, wew ety dor Dl a2 8 9T il
A A L (D | e e e o e v s e e e B TRE
M2EH Spg m sawa m Py 71 A sy oesbeen de oempies wes
mtatel moue wih Dexsss-maded cherad far (Smea The meslo
wre cm=Sged (9NN pm, £ 1) Suprmaes fomooch ol wa
mend T IeTslaTm marsd e mmna S sndemeeey

Compraste binting army of ADAR wish "AL2 080 o @ o’
ot o RS 5 s (200 ) ol AIDEF e noybwerd 32 4 dxr 2l A
wn "H-2 8 W H-13, (SR i e Sl o weshos THE (| Spgimd =
ey oo eEn s ol 2=, (LES=-5]. 2o maSown m Hag T30
i e nE af i wmifme my THY v el o aaTe way
o). The ox of e poodus 8 e w dew=ied e e,

ADRPF Z77-5 & TS & 2900000y S aergdor o8 DHF 27745 (20 oy
exch) m Tex e o 64 were ek s wely T8 (2 gl a2 28 W dar
A mm. Afr e pesod, Z50NH-D, (] 0 wes sdded 5 Sie mhenm,
e Borareaee rpeesy wew mmalal

Bty dal dissimia

D BF, sondler fo offer members of afbomm (A LB} gene
{amnily, has o trpde-do masn modolar strocone @nd a large
mumber of cygesne (Cyd nesdoes AT teenty-aghi (35
Cw ressdoes m DEF are engaged in forming foureen
i) disuifide bonds leading 10 the formaton of e
domairs Dhomnain | b 00 qrvemio acbds and sta
hhzed by five dsmifide honds, and comens e only Trp
{ 145 meswtu e wihich & irvodved in vilamin D seno Hhin ding

[31] Domain {1 & aboat one bondred and sventydve
(17%) amnino aceds kong and condaims s (6] d sulfide honda
Domain 01 spans show sgiiy-five (£3) amino asd res-
doss fwtarting froen oo acsd residue 375) 1o the carb oy
termibrs and is stahilived by teo () deulfide honds
ALE alen has a iriple-domaim sirociore e B EP, bod m
sprte of high seqosnee and stroctora] homaology, DEP and
AL B are func ionaly quite difieremt For example, DEP &
a highly speaific hnder of vilmmin D sienok and Gactn,
while ALE &= not. Moreover, DEPssfline acthities of
ALE are onimown i date Acoommodation of smaliiphe
highspeaficny hindes and mubifonsion] mamre of

CoBP raises e possthidny that hindng of ome Bgand might
infloence e tnding of ofhens) wa ‘cross-alic’ among

mreractn g Jdomasne, and sach o process maght ohmaisly
miftoenoe 11 foncisors Homewer, i dae ihere s nod bess
mny diren evidence of such orom-nik @nmong dommans of
P,

anges m the wmnmee fooresconce of prodse | of ano-
mate amino ackd resefess) mpon Bgandfsahetrate. hindm g
hawe heen med gore avErsnddy © stody the micTo-smvi-
o et anoon e s amino aosda[12] I addneon, carmin
fuoresceant bydrophobe: moboodes have hesn meed =
reporier mokcaks 10 probe mcro-emaroNment @ pro-
e res. 2 oo oy na pebvt b b - M mate (TS | i3 sy
& mnlecoke . THEY does ot floorsee in an agoeons solven,
o flooresces sirongly m nonpolar organ e solvenis and
when hoond o Bydnoph ohee regiors of a protemn . o some
casss this hinding & sirongly infleenced by the hinding of
the matoral Bpamd/lgand: For emample TRES prodooes
hgh gmamom-weld flooreswence wath eoom ALE, hea-
lactafmmin, and dnmoiryen, while with ofber proferms,
e ysoreme, Ipls, and ovaltomin, goamiom-yields are
e erahily lower [32]

Cankdec it £ lenmiont &1 al shemnad 1hat DEP displas
strong floorescence opon Mending THES, and this floones-
cence B redoosd g dosedependeni manner by Gacon,
mnd flmone soenee 5 oo e el v  mene hed a1 & oo s ion
ratin of 10 [33] Dose-dependent daorease in THE floores-
CEfC e Wik eXplained ax a reqwessntaton of o change m oon-
formaion of DEP wpon hindong G-acin, msied of a
mmple deplicement of ThE by (5-acin Soch ahersiion
in piyasooch amecal propertss e been eportad mothe -
ematare. For example, hinding hemeen hemo globin and
hapiagiohin has hean showm 0 be aoonm panssd by aftered
Erywdroplh bici y @nd @nodal shift an ssoe beetnie foonsmg [34]
We carrisd oo the presen 1 sindy to mvestigae e sfeo of
B H-Dy on TS dinding by hDHEP

Ereer of J-00H-0y v DEP-TNS Berars

We obeerved tim THE floonsscence deormsed seaddy
wilh noreasng conceriration of 250H-1, and foores-
cence imersiy was almost complsiely ohiderated by pg
of 250H -0y (Fig- 1) In soppor of ihs oheeramtion the
strong ADEP-THE foorsscemee peak @ 435 mm (Fig L
oet, cane A} was almost completaly ohiterawd by I8
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o s s Infansily

250600y Conoanirsiion {ng)

Fp L THEioroocos smym o mmem emm BEF (GEEN = &
Frr=e af vasom smomes of 200H-I (o) T Ssoraews
mwren of GOHP G TS o AL BDRP + THS 4 250015, (1

(me B uad THE + 250H- ioeve O

H-O i ) ( Fag 1, el corve ), wille o ool ation
of THS and 2400H-Dn (1 g) had very Iitle floorescence
iFig_ 1, el curve O

This dose-dependert decreass m THE fluoreweance by
BolbH- Dy can e explained by efther a diract compemion
etween ThE and 24 00H- 1y for binding sne on DBEP, ara
change in péryson: hamoa] pmpeny | pdnopho oty con-
formaison] of BP0 pon 2500H 15, hinding =n 1hat bypdno-
phohic ThS dunding siefsnes boome progresvely s
mvadlahle upon addmon of 2%0H-De To deiermime ihe
e hanise of e ahowe oheervadion we crriad oot the fol-
lorman g enperamen L

Bl oy of kiPEP witk " H. 25 08 D b e presavent &
nerkoas aammoers af TS

Hesolia of ihes assay show ihat "H-250H. D;-hinding
by DEP & not infleenosd a1 afl by TS [ Fig. I smongly

[y

—

VI x 100

cc M EEESR BH

2

HOD gl e s
TS Cseceniraticn |rag|

Fp. 2. W MHHD, Sxdng may of 313HF 1 poax o s
sEnesm i e T

soggesting that there & no direc] comapetiison betesesn 15
OH-D; and THE for hinding siefsne m hDREF. Hosever,
i covedd mood e e esrian ad §droen e waulis] whefhier nai-
we of IN0H. Drhinding a0 DEF fhinding affiiiy) =
ahened by ihe handimg of THE. Ths was deiermmed by
ke fiol horslin 5 s Time

Axmy ro dew b wherker b g affoeiry of kDEE for 21
OH- D, iy dreeed by TNY-bixdieg

The com petstive hmding assay cures of DEF and “H-
L0 H- Dy mnothe presence of 15 g of THE or in ds abeence
are aimost owerisnmng, ndcaimg fal THE dos mot @
mificamly aher imeracion betwesn XS00H-Dy and DREP
guaitatvely and gquamintively | Fig. 3)-

Cinflec ovely fhe ahowe reanbs resmphasze that there =
oo diresl competidon beiwesn Pe0H-Dy and TRS for
DEP-bending In addiiom thess sindes mdeaie tho
THE - nding doms not aler the natore of fandng between
200H- Dy and DEP

In ke past our boratory and ofes have shown tha
vilamim [ seral birding by DEP & lurgely nsmicied 1o
domaim | of the prodein ], while {5 8n b ding
laires place via domam U1 of DEF [73] Forher-
moTe, DEF-THE foorsscence @ radooed in g dose-de pen-
desr marmer by €3-a0im, and s complssly qoenched a1 a
ooneeniraison b of 121 [33] soggesting Sui THS-hind-
ing meght mie place lrgely m domam 1 of DEP. In arder

Lo Evvestigie thal presdhdiny we carmsd om THES hin dmg
by a recombsnant domain 1 (mestly domam 1] and a

small segment of doman 1) of hDHEPF m ibe pressace
and i e atwence of 2540H-0,

Flure wowvers apie e o recopshbamer kDHP FFT 438 wit
TNS and 75-0H-B,

We ahserved that hDEF ITT-43% alone does nol have
any sipndcani floonsosnee actvity | Fig. 4, curve B), bot
o displys sirong floorescemce wiith 4 mawmom o

140

13

1m

(I} x 100
BE & B B

Wi TS —a )
Wigon THS | g—wm |

g.a 1= L0 el ]
2800, Corsseniraon (ng

Fg 1 Commaon bndag smay of R0EF aad "H-250HD, m &
pexa o = S sinmr o 1S gy of THEL
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a4 Th-daormeace rpeese af AHEF ITT-45 papade |+ THE (oo
Al BInEP TH-a shr forw B, wmd BDEP I07-S59
pimade 1+ THE - 20, (oeve O

43S mm m the pressce of THES (Fig- 4, une A, pisaas
moie ihe dhange in ihe sob of the Faxs fom Fig 0,
e 1] Tl peak was not a1 all nflosn oed by the addimon
of an evcess of He(WH-D0y (| Fig- 4, corve O

Collactvely the above resuis suggest fhatl major THE-
hirding pocioed i DEF may B o domain (1 (C-perminal)
of 1he proten. 11 conld be argoesd 1hat since domaim 111 =
oot imvolved i 3250H D -tending [T3-36] TS foornes-
cemce by ths recorbenent domen 01 & o edossed
by 2H- D-treatment. However, this & o contras with
resols dsplaved in Fig | where we demongrared tha
THE Anorsscence by foll-lengih DEP & almost oom plasty
guenched by Z50H-Iy Thes spparend anomaly can be
aplaned by sgnfioam conformatom] change i e
whole protan gpon S-0H-D tending {m domais 1) o
irfimenc e “THE- hind ing in domain (11 As a resoll THE flan-
rescance of ol sngih hDEP & qosoebed by 24600H-Dy ma
dnse-depen dem manner (Fig 1)

in swmmary, results of this stody strongly imply that a
oo reiderable oom formaional change aies place o hDEP
ma Jasale mpon binding 25-00H- Dy 0 domain | of the pro-
1 and this change & propagated imo domam 111 ta
sirongly imfluence THEhinding m domam U of the pro-
1smn, sngesing 4 crocs-alk among B domains. DEP =
o moi-foncsora] proten Thersfors, this dinsc] sl swce
of croes1ate has sinon g Empl B0 ns o the e e o
thona] sspeis of ths SerEm prolsn
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Kepraordr Fasty sodbmidag by vesmen Dinacdkag mrowes (10F) aad b (ALRE Soren sampors of Sy soce: Afmdy badelag exiom of

palimtc s, oy biving of GEy sod-hadng e of DHF ead ALK

1.l G

ooy spssfic componst ({0 or vismm D-ending
proten (DEP] & o sparssly ghocaylued and polymeorphdc
gernmn prodem The two majer phenotypes ane (220 and
Cic?, diffening fmm each other by fowr (4) ameno ackds in
ihe pramary srochre a5 well a5 stroomre of atached pohe
saccharide (3el & furiher dnadad min o sub hypes differ-
g I primary stroctore & well as strocture of the afiached
carbs bydrases [1-3

DEF & & moobs-fonc soned proken (4] 1 bend ing of via.
min [ and o8 metabolies he besn stoded o nevely
leading © e undersandmg that DEP & nespors bie for
e st e oot wndson of vitumen [y 10 P byvdnn mvvitam
Dy (250H-D;) and fmally o s physiologically
mosl active metsholie, [eltdéwdromyviamen Dy
[ LEOHDY B &ales invalved in e trarsporiason of

; l.'m_mh =mnar. Fae 1] AT A5 SIS
Frml iy s coda (B Ryl
! iecmad

H-AFAT - 1 Enm oo 0 306 Heeesr e 80 opfs e
e {1 1014 Son o ARED 2002

these amall mobsuls i orgams and cells wherever dhey
e reqoired. o addibon DEF plays an miegral role m
the cironlaiing &0 S0 Ve @6 F Sylam o plisrna Msoma
e tenlin severe filumen s of Factin, and DEP binds 10 actin
mocnoam e (L3 -actin] with high affinity, Sves preventing OG-
actin i pohmerze and clog anenes during odl-anjory
and hysis |58 Prsence of actin-DEP complex in the aom
of homan and ammals sedameng jo e/ nflamema s,
eg. irophohlasne smbol, seowre hemite, aome long
Enjary, et positvaly mpheats DEPF i theomboss and
beart attack [7] DEF also hinds dhemotaotic agpes soch
8 Ca and Cha des Aog, dbmes snbane ing oo mogrhsm s aoti-
wiion on nevrophll dhemotass [£9] Forthermor, a
pot-transinona Ty modified form of DEP ( DEPmacno-
phage activaling facinr, DEPwaa] has bean shown 1o have
St mac o phage and oeeoclast-actvatng [10-M] and
o - angiogene: and andi-pemor faronertes (15018

In addisom o ahove propertes of DEP and s denva.-
the (DBRamaf], DEP binds satorated and mwatmmied
faity acds with high affimiiy (X, = 10°-10F M™'), similar
o plaoms ALH 17 8] However ceruin diflerenos do
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enist For example, Foa =t ol demonsingsd ihat molr
ratin of @ty acds, bound 1o boman DEP 10 DEP & 04
compared wrth 12 for bmman ALB [19] Forthermone,
majariy of DEP-hoond Boy acids ane mono-orem nisd
or saiorawed, and abondance of polyosaiaraed fany
achds i de han % (of ihe (odal boond Bity acds) 9]
Anofher Emerssing olssrvaton  inclodes  coamye TEon
themtmem i virtamn i D serads anad Gty ackd s in terme of heind-
ing to DB P For exaropl e, it was reporad thal pody-om -
wasd ftty ackds, soch a8 erachidones or Bnoleic aod,
strongly compete with POORH-Dy and 1 30H]D, for
hinding to DEF, in sharp conimsi wih satoraied fady
acsds &g padmatic acsd, wihodh offer no signfican ooem peti-
won [4,00] Foribermore, Booilllon &t al. obesrved 1hat
addriion of roman AL B in & physialo geal ALEDEP aso
idid mod Epair 1he inhebnory et of bnodse acid towands
DRP-2500H- 1, hindim g [20].

We hypothesped that e annmaly berwesn
DEPF and ALE o fonms of @ity acid-hending maght he
medaded dn 1 @oiaa] bend ing, proce s betwes o s paoot srs
and Gty aceds, which, m wn, might he rdated o the
maors-anwronmenl of the fagy acd-hinding pociss of
thess pmieins. In arder o svaloate this possibilny we svn-
thesized sewral eactve esins of CLpamme acd =
poteniial affindy labebng reagns for DEF and ALB.
Resals of these stodess and thear probahle phymokogsal
immplic i sones @re dicpssed in 1k report

I Visewials sl sl

Ponfied human DEP w& obtamed from oo mencal iy
awallahle posnded brornan serom (Amenoan Red Croses, Ded-
harm, A) by 3 bhand affoy chromatogran boc oot hod
devednped m oor borawry [21] Defated hovine ssrom
ALHE (BSA)] and ol dhwmsab wers d {rom
Sagrma~Addnich, Midwanbee, W1, encept 1" palmitic aod
ispecfic actmy A6 mllfmmol] which =as o prodost of
MEM. DaPorrt, Hoston, MA

21 Swerkesin (Fig. 1)

The N-drpdro mvsoccinemido- and @ ooirophe nylesiers of
madmatec acsd were sy ssred by d soychol exy o vt mide
(00 -ovaphing of pamise asd wrh  N-bydrony-
semcrsn irvade or g-mrrophen ol mothe pressnce of o caiakie
amomnt of AN A - dimethylhmmopradine  (DMAF] @
mnbydroes dach loromethane . Synthesis of WHEK-paimnae
was crmed om by treatn g palmisc acd waih Alefhd -
ey - Esnoma wn - 3 sulfomate (Woodward's  reagemt
K| and tresthylemine in acciomimie Prodoet fmm sach
reaciion was porfiad by preparative chromatogranby on
milica ploes (Armatech, Vimdand, K|, and sach prodoo
was charactenred by KM E. Radoactine synthess was car-
mad ot ¢ the mame way ewcepi palmiic aosd was
replaced waih O paimitic acd. Producs from She mdioac
e reaction wene Eodated by TLC matching with oorme

sponding onlahelsd ocompoonds

2.2 Affeeiry kobalbg mgbﬂﬂd sawesed A LE amd DBP

witk ALk it ke {A), preimaglome
Mo palmiraw [ 8), aud WRE-®C pabuisere ()

Twemy-mborogram samples sach of BSA and DEP o
0 gl of TEST bofer (30 mb Trs-HCL, 15 mM Hall,
I 5mb EDTA, 01% Troon X-00, pH ££) were ireated
with N-hydroxysoocinimds. “Copalmiiae (A), paitro-
phemd-"Copaimate (B, or WREK-"'C paimstase i O) iexch
20,000 cpm| @ 3450 for X b Parafel sompiss of BSA ond
P vt im g aucdArsona ] sod rom palmiate | § g o 10 pd
aof brofler were aleo ireated the same way. At the end of the
experiman @l the sampls were amalyeed on 2 T 4% S D&~

pohcanfamide pe, doflowed by drving 1he gel and scan
man g of radinactvity m a Biomn pho sphoram ager

1, Bz dadl diderag

There & 2 nemariahle sirootoral hemodogy am ong, & LB
LEF, sfeo pmiem (AFR and afamin, members of e
afbumim gne fmdy AQ thess proieins hoae moduolr
sirooturss wnh @inee domains domairs [-11) and high
oywsiamecontant [ 2] [n the case of DEPal the O orea
dus (o] 39 are omadizsd o form 14 desulide bonds
In comiras, ALE onmams svera] free sulphydnd grooms
in s prerary stroctre. Forfenmore, DEP has a shorfer
domain U1 than ALE Thess stwmnl differsnces may
apiam gos fowtmal differenys between DEP and
ALE For msance, vitamin [ sierods- and O3 -20tin bin ding
and related fonciions ae omgoe (o DBEP. On the ofter
hand, DEPF prasesses relatively weker hinding for fainy
acds compared wirth ALB Porfermore, DEP oo a
mingle high-affinriy faty acd-nding sie compared 1o
ALE whhich onmiairs ssverad kw- and high -affinity b ding
wites [TE] Im A LH thes himding sites are digritnnsd am ong
vanoss domaie of the pmiein, althoogh bigh-affiniy
hending sres are bocaad n domain 111 [ 3] Moreover, as
daserire d earier, DEP, @ oo mas with A LR, dise romina1es
e teeen saturated and wnmtoned oy acids i 1enms of
teen cling.

AT the ahove ohearvatons poer i diffsence @ e nat
mre of hinding hetwes ALE and DEF and Gy aceds,
which in mm may be related 1o e @y acd-binding
pociest sirooture of fhese proeims Affinny and phois
affinrty labedi ng iechni gus have been med wadely 1o probe
hinding pooies and cotalytic actine sis of receptors and
enmymes, reapenvely [24] Oror lahoratory has meed fhess
tech raques, and ofhers (o robe the wiamen D and acon
o ding, domain strocvuress of DEP, fsading 1o orysial stroe-
ture of fhe DEP-actn ommphe [H-35]

In the correm smody we synthesmed radiolahsla] ver-
mons of three reactive siers of palmite acid 1o probe
the ity ackd-hindng pochets of DEP and ALE We
chose palmise aod o stwraied Gy acsd as mode]
hecwmee DEF has a properssty 3o bind ssoreed and
mons-wsatrated @ty acds sironger tha [pody-amats
raied faty acds [19.20]
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Reed employed WRE-'“Copadmitse ) o affinity
fahe] the fany acd-binding pociets of boane serom
ALE [36] In our case, incohation of o semple of homan
sarpm [DHEP (KDEPF) wab “’Itb"llpﬂ.‘h:d.ﬂ.‘h: 0] cowa.
fently abelsd 1he proisn & deermimed by awo radsogra.
phy (Fig I, lane 1] When e inobaSon was conmed

| =m0
116
—
-

"
T
—_—"

g 2 mtﬂ-ﬂluﬂ““ﬂ-"ﬁ:-ﬁmnltr f-toye T2}
nf B13HF wex mrabated = T8 wiS 'n'm‘-:-gm 10 et
il 10 m g preaceof @ cors of odum paliorme kel T
mmga wer deroozed oo s S108 gl snd crpod @ o pghoagios-
croges. Menm of Se oo s malecalae woghe mucies, s dmiosed
23 5x st

oot i ke e sence of o evcess of sodion padmitate, labe ]
ing was complesdy ohlterated (Fig. 1 lane 2] These
resolts strongly indicatsd ihat WRE-"Cpalminte iC)
apafically bbelsd the pabmns sod binding pocket in
hDEP. Thess revofis alo soggesied ihai strocmre and
chempa] snwmnment of dbe foty oo bending pock s
of DHP and ALE are similar

Suprmingly ofer actiated ssiem of palmne aced e
N-bydromysoocindmed -0 palmetate  (A) and  ponitro-
phen - " opatmatade () fadsd io label DHP n the pres
ence of in e atwence of an evcess of sodomn palmase
In the case of BSA, N-bydrosysooc snimed - " paimitae
{A] filed i Wb this protan Buwm, paitophenyd -
palimeime | B helsd BSA, and litelng was signadicantly
reduesd i the pressnce of an eveess o f pabrise acd, d st -
keng, apecfi c lahedion @ oof e f28ty acid- hinding pociee 1 (resais
il shovsim|

Cindl et ey e albowe e s sogmest that chem ioa el
troni eovinommens of the Gy acd-hindmg pockes of
DHF and ALE are diffsrend, 20 that ALBE oam inleraie a
hydrophobec (eamopheny]]) = well as a bydnogbebe
i('"Wondward K reagen | head gmop at the corho vy e e
of paivese aod Bl Gty acd hinding wie of DEP an
cnly aocommnodaie a polar and Zwdtenonee bead groop
(Wondward K reagsni

Auma Thrmmen Sl = 2 rarne hensdifary dessaee mn wihiach e
aflaciad indivedaais have very low or negligihes amoani of
circnl ging ssrom AL E [T7-39] We sunmessd thai ance
both ALE and DEP bind fatty aceds wih begh afinmy,
DBEF may replace ALE m carmyvang fafty acks, partcolarly
afurated and mono-onmiorated fety aceds in e casss of
fow or neghgghle amoon of arcalating ALE However,
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resnbis of the stody defineaind m ths oo once {ae sog-
=l tha chamical and elscironse emvironme ot of the faty
acid- tandin g pociets of DEF and ALB mght be different.
As g et lending end marsponason of vanom fagy
ackds might be difiereni Thos, DBEF may not replace
ALBm terms of fany acd scovenging and iran sporation,

Ak il o e
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ABSTRACT

10 25-Dihvydroxyvitaman Ds {1,25(0H}D4) has shown strong promise as an ant-profiferative

agent in several malignancies, yet its therapeutic use has been mited by its toxicity leading to
search for analogs with anti-tumor property and low toxicity. In this study we evaluated the in
vifro and in wivo properties of 1,25-dihydroxywitamin Ds-3-bromoacetate (1,25{0H}:Ds-3-BE).
an alkylating dervative of 1,250HRDs as a potential therapeutic agent for renal cancer.
Dose-response of 1.250H):0+-3-BE in two kidney cancer celHines was evaluated for is
antproliferative and apoptotic properties, and mechanisms were evaluated by Westemn Blot
and FACS analyses. Therapeufic potential of 1.25{0HRD+3-BE was assessed by
detemmining its stabiity in human serum, and evaluating is efficacy in a mouse xenograft
model of human renal tumor  We observed that 1,25{0H),D.-3-BE is signficanty more
potent than an equivalent concentration of 1. 25(0H}ED: m mhibitng growth of A48E8 and Caki
1 hurnan kidney cancer cells. 1,25(0H)D«3-BE-mediated growth inhibiion was promoted
through inhibition of cef cycle progression by down-regulatng cycin A and induction of
apoptosis by stimulating caspase activity. Moreover, 1.25(0HEDs-3-BE strongly inhibited Akt
phosphondaton and phosphorylation of is downsiream target, caspase 2. 1.25(0H)D+2-
BE appeared io be stable in human sensm. In xenograft mowse model of human renal tumor,
1,25{0HpD+-3-BE was more potent at reducing tumor size compared to 1,25(0H0 s which
was accompanied by an increase in apopotoss and reducton of cyclin A stainng in the
tumors. These resufls suggest a translational potental of this compound as a therapeutic
agent m renal cell carcinoma. Data from this study and extensive studies of vitamin D for the
prevention of many malignances support the potentad of 1,25(0H).D.-2-BE for preventng
renal cancer and the development of relevant im-vivo prevention models for assessing this

potental, which do not exist at present.

i
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INTRODUCTION

Kidney cancer is among the ien most common cancers in men and women and is rate has
been increasing steadily ower the past three decades. The American Cancer Socety
estimates that there were approximately 57,760 new cases of kidney cancer in the United
States in the year 2000, and approcamately 12,830 people died from this disease (1), Renal
cell carcmoma (RCC) accounts for an estimated 80-25% of all kidney cancer and has been
increasing at a rate of approximately 3% per year in the Unied States and Europe.
Approximately 50% of localized RCC develops into a metastatic disease within a relatively
short time frame (2} In addition, RCC charactenstically produces no symptoms during is
initd growth, making eardy diagnosis difficult, and s generally resistant to conventonal
chemo- and radiation therapies (2, 3). Cumment therapeutic opbions nclude radical
nephrectomy for early stage disease and immunotherapy for advanced and metastatic stages.
Ant-angiogenic agents and Raf-knase-mhibiting small molecules have also shown promise n
treating RCC, but are not curative (4-§) Clearly, more effective therapies and nowel

approaches to freatment of thes disease are needed.

Numerows epidemiological studies have demonstrated the importance of vitkamin D, dietary or

otherwise, n preventing vanous cancers (7). Additionally, the therapeutic potential of 10, 25-

dihydroecywitamin Dz (1.25(0H )20} the biologically active metabolite of wiaman D, and is
analogs in cancer is well-documented (B). Howewver, the inherent calcemic toucity of this
hormone, partculary in pharmaceutical doses, has preventsd its general use as an
anticancer agent (9-11). Thus, dewelopment of wiamin D anslogs exhibitng potent

anfiproliferative actwity but reduced systemic toxicity has become an active area of research
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(B).

We have developed novel analogs of 1.25(0HED: and ws pre-homonal form, 25
hydroogywitamin Ds (25-0H-Ds), that specifically bind and label the ligand-binding pocket of the
nuckzar receptor for 1,.250HRD: (viamin D receptor, VDR) (12, 13). Previously, we reported

that 10, 25-dihydroxyvitamin Ds-3-bromoacetate (1,25{0H),0+-3-BE) and 25-hydroxyvitamin

Ds+-3-bromoacetate (25-0H-Ds-3-BE), VDR-alkyiating denvatives of 1,25/0HkDs and 25-0H-
D4, respectively, are more potent than 1.25(0HEDs in promoting antiproliferative effects on
human cancer cell Bnes, induding hommone-sensitve and homone-insensitive  prostate
cancer cell knes (14-17). Lange et &l also reporied antiproliferative and apoptotic efects of
25-0H-0.-3-BE in high risk newoblastoma [18).

In the present study, we compared the nm wiro and n vivo growth-inhibiftory properties of
1,25{0HRDs-3-BE o 1 250H)EDs in human renal cancer cefis and examined potential
modecular mechanisms underlying its activibes. We observed that 1,25/0H);Ds-3-BE is more
potent than 1,25/0HkDs in inhibitng the growth of A408 and Caki 1 renal cancer celis.
Mechansteally, 1,25{0Hp0:-3-BE-mediated growth mhibition of renal cancer cells was
associated with an increase in apoptoss, amest in the G2/M checkpoint m the cell cycle, and
inhibition of Akt-phosphorylation. I nwde mice 1.25(0H):D+-3-BE was more potent at
reducing xenografied tumor sze compared to 1,25(0HkLD: which was accompansed by an

increase in apopotosss and reduction of cydin A staining in the tumors.



MATERIALS AND METHODS

Matenals: 1,25{0HkDs-3-BE was synthesized according to our published procedurs (18]
10.25-Ddhydroxyvitamin  Ds-2-[1-"*Clbromoacetate ("“C-1,25{0H}:D+-3-BE. specific activity
14.2 mCiimmol) was synthesized by replacing bromoacetic acid in the synthetic scheme with
[1-“Cloromoacetis acid (sp. actvity 14.2 mCimmool, DuPont, Mew England Nuclear, Boston,
MA) = radiochemical purty was ascertained by co-HPLC analysis with 3 standard sampls
of 1.25(0H).D.-3-BE 1 25{0HLD, was a generows gift from Dr. Mian Uskokowic, Hoffman
La-Roche, Nutley, NJ. Concentatons of 1.25{(0HED: and 1.25{0OHED+3-BE were
determined spectrophotometnically using an extincton coefficient of 18,400 at 285 nm. Punty
of the compounds was determined by HPLC analysis (normal and reverse phasss)
LY284002 was from Cef Signaling Technolegy (Danwvers, MA). A408 (HTB-44) and Caki 1
(HTE-48) cell nes were purchased from ATCC {Manassas, VA) and maintained m DMEM
with 10% FBS. 34 weeks old athymic male mice (average weight 20 gm) were purchased
from Taconic Farms (Gemantown, NY) and maintained n an AALAC-approved animal care

facility at Boston University School of Medicine.

Cellular Proliferation Assay:  Cellular prolferation was measured using the TACS MTT
Cell Proliferation kit accordng to the manufacturer's instructions (Trewigen, Gathersburg.
MO} Brefly, A488 and Caki 1 cells were plated mn B6-well plates at 1000 cells per well. 16
hours later, cells were treated with 1.25(0HLD-3-8E, 1,25(0H)LD, or ethanod [(wehicke)
control in media containing 5% FBS. The medium containing compounds was replenished
every 2 days. After 7 days, MTT solution was added to each well, and the plates were
incubated at 37 C for 3 hours followed by the addifion of detergent reagent  The plates were

incubated at 25'C for 15 h and absorbance at 570 nm measured on a microplate reader
&



(Spectramax 180 Plate Reader, Molecular Dewices, Sunnyvals, CA).

Caspase activity assay: Caspase actvity was detemmined uwsing the Apo-ONE
Homogensous Caspase-37 assay according to the manufacturer's instructons (Promega.
Madson, W) Caspase-27T activity was determined following treatment of Caki 1 cells for &
hours with 1,25/0HE0s 1250HED=3-BE or ethancd (wehicle) controd.  Fluorescence
released following cleavage of the pro-fluorescent substrate, Z-DEVD-110 was measured at
the emission maximem of 521 nm.  The amowunt of fluorescent product generated is

representative of the amount of active caspase-317 in the samphe.

Cell cycle analysis and sub GOIG1 DNA content:  A483 cefis were plated at Fx 10" cells in
10cm tissue culture dishes. 18 hr later the cells were treated with 1,25{0HkD+3-BE.
1,25{0OH k04 or ethanol controd for 6 hr. The celis were trypsmized, collected and centrifuged
at 1500 rpm fior § min. They were re-suspended in 1.5 ml saponin/Pl solution {0.3% saponin
(whe), 2.5% P {wiv), 0.1 mM EDTA, 10 pg'ml RNase in PBS) and incubated ovemight in the
dark. FACS analysis was performed using a Beckman Cowlter FCS00 flow cytometer. ModFit

LT software (Venty Software House, Topsham, ME) was used for analysis.

Western blot analysis: 4488 and Caki 1 cells were plated at 3x10° celis in 6 cm tissue
cafture dishes. 18 hr later the cells were treated with 1,.25(0H)p0s-3-BE. 1.25(0HED: or
ethanol (vehicle control). At the indicated tmes, the cells were washed with PBS, scrapsd n
PBES and collected by centrfugaton. Toiasd cellular extracts were prepared by re-suspending
the cell pellets in RIPA buffer (150 mM MaCl 1% NP-40, 0.5% sodium deoxycholate, 0.1%
505, 50 mM Trs, pH 7.5} containing 50 mM MaF, 1 mM sodum vanadate (Ma:VO,) and

protease inhibitors (Protease Inhibitor Cocktail, Sigma-Abdrich, St Louis, MO). Following 10

-
]
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man ncubation of the samples on ice, the exiracts were cleared by micro-centrifugation for 10
man at 14,000 rpm, supematants were transfzmed to new tubes and protein concentration of
each extract was determined by Bradford assay Samples wers separated on 4-12% MES
NuPAGE gels (Inwitrogen, Carisbad. CA) and fransferred to PVDF membrans. Signals were
detected by enhanced chemiluminescence (Perkin EEmer, Boston, MA) and autoradiography.
The antibodies used were anti-Akt and anti-phospho Akt {Ser 4732) (Cell Signaling, #9272 and

#8271 respectively), anti-phospho-caspase-2 (Ser 188) (Santa Cruz, #11765), anti cydin A

(Meomarkers, Rb-1548) and anti-0 actin (Sigrma, #AS441).

Serum-stability of 1,25{0H).D,-3-BE: Pooled human serum {1 ml) was spiked with “C-
1,25{0H),D.-3-BE (100.000 cpm) for one hr at 37°C followed by extraction with 5 x 1 ml of
ethyl acetate. Combined organic extract was dned under argon and the residue was re-
dissolved n 3 small volume of 5% HyO-MeOH, and analyzed in an Agilent 1100 Senes HPLC
systemn (Thermo-Fisher, Waltham, MA), connected to a Packard Flow Scantillation Analyzer
(Model no. 150TR, Meriden, CT}), using 5% H:O0-MeOH as mobde phase, flow rate1.5 ml'min,
detection 265 nm {for non-radioactive matenals). Agilent C13 analytical colemn (Themmo-
Fisher, Waktham, MA). Pnor to the analysis of the radicactve sample a mixture of standand
samples of 1,25/0H)kL0s and 1. 25(0HED-2-BE was analyzed under same conditions of
HPLC-analysis.

Xenograft tumor growth in athymic mice: Caki 1 cefis were grown, trypsinized and re-
suspended in PBS to obtain a concendration of 5x10° cells/100 pl. Cell suspensions {100 pl
aliquots) were imjected subcutaneously i the flanks of athymic mice. When tumors grew to

approximately 100 mm the animals were separated inte § animals per group, and were
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treated with 1,250H04-3-BE, 1,25(0H}xDs (dissoived in 5% dmethylacetmide in sesame
oil, 0.75 pp'kg body weight"100 pl}, or vehicle by miraperteneal injection every third day.
Tumor size and body weights were measured on days of injection. Treatments stopped once
the control growp tumeors reached an average volume of 1.5 cm® when animals were killed.
Tumors were excised and stored in 10% neutral buffered formafin, and blood samples were
collected by cardiac puncture. Statistical anafysis of tumor size was camied out by Students t-
test. Senmm-calcum of the treated animals was measured according to manufaciurer's

instructions [Quantichrom Calcium Assay K, #DICA-500, BinAssay Systems, Hayward, CA)..

Histochemistry: Mouse tumors were fized in 10% neutral bufiered formalin for 48 hours
before tissue processing into parafin wax. Fwve micron sechons were cut and mounted onio
positively charged slides. Hematoxylin and eos:n (H & E) staining was performed usmng
standard methods. Briefy, sections were deparaffinzed with xylene, nnsed through graded
alcohols and hydrated to water. The nuclei were stained for & minutes m Hams hematoxylin
{Anatech, Batile Creek. M|}, differentiated in acid alcohol {1% HO in T0% alcohol by volume)
and 1% ammonium hydroxide. The non nucisar elements were stamed with alcoholic sosin
(Anatech, Battle Creek, MI) for 3 dips and dehydrated through graded alcohols to xylene. The
sechons were covered with cover slips using Cytoseal 60 synthetic resin (Richard Allan via
Themmo Fisher, Waltham, MA).

Immunchistochemistry: Antibodies for cyclin A (LabVision wia Thermao, Waltham, MA | were
optmized for immunohistiochamistry on the Ventana NexES autostainer (Ventana Medical
Systems, Tucson, AL at an operatng temperature of 27C. 5 pm fresh cut paraffin sections
werne deparaffnized in xylene, nnsed in graded alcohods and hydrated to water. Antigen
retreval was performed in a Decloaker chamber for 5 minutes at 125°C (22 psi). The retrieval

a
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sodution was pH 2.5 BORG. Primary antbody for cycln A was used at 1:100 and mncubated
for 30 menutes. AVentana VIEW detection kit was modifed fo only detect rabbit antibodies
by substituting a biotnylated goat anti-rabbit secondary (Jackson ImmunoResearch, West
Growe, PA) diluted 1:50 in PES pH 7.6. Sections were counfzrstained in Mayer's hematoaoylin
for 2 minutes, dehydrated in alcohols, deared i xylens and coverglsss mounted as for
histochemistry.

Pathological analysis: H & E stamned and anti-cyclin A stained Bissue sectons of
subcutaneous tumors were examined by a single pathologist (M.5 L) blinded as to the
treatment group. On H & E seclions, the number of apoptotic bodies i the tumors per 10
random hagh power (400x) fields was recorded for each animal. For cyclm A analysis, the
percent of brown cyciin A positive tumor nuclel was assessed for each tumor, counting 500
nuckei in muliphe random fields.



RESULTS

1,23 0H}:D:-3-BE is more potent than 1,23 0H}:D;y in inhibiting the growth of renal
carcinoma cells. In this study, we examined the effect of 1,25(0H)D+-2-BE on the growth of
the hurman renal cancer cell lines A488 and Caki 1. Cells were treated with 1,25(0H}pD=-3-
BE or 1,25{0H}:0x and cellular profiferation was quantitated by MTT assay. In both A488 and
Caki-1 cells, treatment with 10°M 1,25(0HRD-2-BE almost completely inhibited cellular
prolferation, while an eguivalent amount of 1,25{0H}LD, inhibited growth by approximately 10
percent (Fig. 1). Caki T cells were more sensitive to 1 25{0H).0.-3-BE than were A408 ca2lis.
Approximately B0% growth-inhibition was observed with 107 M of 1,.25(0H)D+3-BE in Caki 1
celis, while approximately 20% growth inhibiton was observed in A42E cells (Fig. 1) Thess
resufts demonsirate that 1.25(0HRD-3-BE elicits stronger antiprofferative effects in A488

and Caki 1 cells compared 1,25(0H)0D= on an eguimolar basis.

Under microscopic visualization, we noted distinet morphological changes in the appearance
of both A48E8 and Caki 1 cells in response to 1.25(0HED+-2-BE treatment As shown n
Figure 1B. after & hr of treatment with 1.25(0H).D+3-BE, both A488 and Cali 1 cells
displayed cell rounding and began detaching from the plates. Interestngly, cells treated with
1,25 0OH 0= did not display these characteristics and exhibited morphological features simiar

to wehicke reated control cells.

1,23{0H},D,-3-BE promotes G2/M arrest of A498 cells. The celfular mechansms) leadng
to growth inhibition by 1,25(0H}:Ds are complex. In prostate cancer celis, 1,25{0HkDs
causes cells to amrest in the Gp'G: phase of the cell cycde (20). Thes effiect is thought o be

mediated by ncreased expression of the cyciin-dependent kinase (CDK) inhibdors p21 and
11



p27. and other cell-cycle regulators (21, ZZ). To examine the effect of 1,25{0H)0D=-3-BE on
cell cycle progression in A488 cells, we measured cell cycle distribwton by flow cytometry of
propidium dide staned cells following @ hours of exposure to 1.25{0HkDs-3-BE
1,25{0H kD5, or ethanod (vehice control). As shown in Fig. 24, the cell cycle distributions
were similar in control and in 1 25(0H)Detreated cells. Howewer, cells, treated with
1,25{0H kp0=s-3-BE showed an approcimately 2-fold increase in the relatve proportion of cells
in G2'M compared to control and 1,25(0H)xDs treated cells. In addition, a population of cells
with a sub-dipiced DMNA content appeared suggesting that 1,25(0H).D.-3-BE may activate a

52M checkpoint arrest in renal cancer cafis, preventing progression through the c=fl cycle.

1,23 0H}:D+-3-BE reduces the level of cyclin A in A498 and Caki 1 cells. Cycins control
progression throwgh the cell cyde via their association with cyclin-dependent kinases. Cycin
A controds the transsion from G2 to mitosss and its expression has been shown to have
predictive value in the ciinical stages of renal cancer (23, 24) Due to our cbservation that
1,25/0HpD+-3-BE amests celis in the G2M checkpoint, and the mportance of cyclin A n
renal cancer, we mveshgated cyclin A expression in A428 and Caki 1 cells treated with either
1.25{0HEDs or 1,25(0HED+-3-BE We observed that 6 hour treatment of Caki 1 and A488
celis with 10 1.25(0H):D+3-BE strongly reduced cyclin A, while the same concentration of
1.25{0H D failed to do so (Fig. 28} indicating that 1.25(0H:D+-3-BE may cause arrest at

the G2/IM checkpoint i these cells through down-regulabon of cyclin A

1,23 0H),D4-3-BE treatment induces apoptosis in Caki 1 cells. Cellular growth smhibibon
mediated by 1.25(0H);0s comelates with mereased apopiosss in some studies. For example,
it i= reported that 1,25 0HRDs induces apoptosis in LNCaP prostate cancer and MCF-7

breast cancer calis (25, 28). but this result = nof universal (20). Previously, we reporied that
]
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1,25{0HkLD+-3-BE mduces apoptosis in PC-3 prostate cancer cells (15, 16). Thus, we
investigated the role of apoptosis in 1,25{0H}Ds-2-BE-mediated growth inhibition of renal

cancer celis.

We observed rounding and sloughng of celis treated with 1,25(0H)D+-2-BE, but not with
1,25 OH B0 or vehicle controd in both Caki 1 and A48E cell lines (Fig. 1B). To determins i
the sirking morphodogical changes in kidney cancer cells in response to 1.25(0HLD-3-BE-
treatment are related to induction of apoptosis, we periormed flow cyfometnc analysis of
nuckear DNA conbent followng exposure to 1,25(0H),04-3-BE or 1.25(0HL0; in Caki 1 celis.
As shown in Fig. 34, the sub-GONGT (hypo-diploid) fraction, mdicative of apoptotic cells, was
equivalent between control and 125(0HpDotreated cells (3-11%) Howewver, the
1.25{0OH k0 +-3-BE-treated cells showed a large increase in this sub-G0IGT population (T4%).

Caspases are a family of proteases which play an essential role in apopiobic cell death, and
caspase-activaton s considered a halmark of apoptosis. To exammne the mle of
1,25{0HkLD+-3-BE in caspase activabon, we performed a caspase activity assay on Caki 1
cells folowing reatment with 125(0H)D: and 125(0HkpDs-3-BE. This assay detects
activation of caspases 3 and 7 through cleavage of a fluorescent substrate specific for
caspases 3 and 7. As seen in Table 1. no caspase achvity was observed in celis treated with
ethanol confrol or 1. 25(0HEDs Howewer, strong activation of caspase 3 and 7 activity was
obsarved in celis treated with 1,25{0H),0:-3-BE. Taken together, the resulis of sub GOIGT
DOMA analysis and the caspase activation assay demonstrate the ability of 1.25(0H).D.-3-BE

to stimulate apoptosis in renal cancer celis.

1,23 0OH}:D4-3-BE inhibits Akt phosphorylation in A498 cells. To investigate the modecular
1
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mechanism of 1, 25{0H}p0s-3-BE-induced apoptosis in renal cancer cells cells, we exammned
the actwvabion status of the pro-survival kinase, Akt in A428 cells. Akt is actwated by is
phosphorylation at threonine 208 and serne 473, evenis which promote cell survival and
proliferation (27). Therefore, we analyzed the activation status of Akt by smmunoblot analysis
with an antibody specifically recognizing phosphorylated Akt (ser 473) following treatment of
A483 and Caki 1 cells with 1 25{0H}Ds or 1 25(0H);D=-3-BE. Results of this analysis are
shown in Figure 38, 1,25(0H0+-3-BE strongly reduced the level of phosphorylated Akt m
both call lines. An eguamodar concentration of 1.25{0HRLD, also reduced Akt phosphorylation,
but to a much lower extent than did 1,25{0H}0s-3-BE. These results supgest that the

apoptobc function of 1.25(0HED=-3-BE in renal cancer cells may be mediated, at least

partialy, by inhibition of signaling throwgh the Akt pathway.

Caspase-0 is a downstream ftarget of Akt Activated (phosphorylated) Akt phosphongates
caspase-B on serine 196 and wmhibits its protease activity leading to cell survwval. Thus, a
potential molecular mechanism whereby 1.25(0HED-3-BE promotes apopiosis centers on
the ability of 1,25{0H}kDs-3-BE o inhid Akt activabion resufting in increased caspase-2
activity. To address this hypothesis, we examined caspase-f phosphorylation m Caki 1 cells
following treatment with 1,25(0H}Ds-2-BE and 1,25{0HkDs. As shown in Fig. 3C.
1,25{0HkD+-3-BE. but not 1.25(0H)Ds, mhibited phosphorylation of caspase-f. As a
control, we used the PL3K Akt inhibitor LY284002 to confirm that inhibition of Akt actvity leads
to decreased phosphorylation of caspase-8. These results further implicate Akt and s

downstream targef, caspase-B, as targets for the molecular mechanism whereby

1,25{0H}D+-3-BE promotes apopbosis in renal cancer cells.

1,25{0H):D+-3-BE is stable in human serum. HPLC-profile of “C-1,25{0H)D+3-BE,
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incubated in human serum for 60 min at 37°C shows a single peak (Fig. 4B) that matches
with the peak for a standard sample of "%C-1,25(0H:D=3-BE (Fig. 4A), mdicating that *C-

1,25(0H):D+-3-BE is stable in human serum at 37°C for at least one hr.

1,23 0OH):Ds-3-BE inhibits tumor-growth in a mouse xenograft model.

The efiect of 1,25(0HLD+-2-BE on the growth of renal cell umors was evaluated n
xenografis in nude mice. Caki 1 cells were injected subcutaneously in athymic nede mice and
allowed to grow until the tumors reached approximately 100 mm® in size at which fime
1.25{0HRD:-3-BE, 1.25(0HEDs or vehicle controd were admandistered. In companson to
1.25(0HkD+-3-BE and 1.25(0HEDs treatment, the wehicle-treated controd animals generated
temors which grew rapedly throughout the tme course. In contrast the tumors n the
1,25/0HLDs-3-BE-treated group showed a sagnificant reduction in size compared to confrol
animals tumors and 1,25(0H):D+-2-BE was more effective than 125(0H):Ds i nhibiting
tumor growth (Fig. SAL To examine potential toxic effects of 1,25(0Hk0-3-BE reatment, the
body weights of the mice were determined each time compounds were administered. As
shown i Figure SB, we did not observe a difference i body weights between any of the
treatment growps. Importantly, serum calcasm values of the 1,25(0H%0s and 1,25(0H)kD+-3-
BE-treated animals were not significantly different from the wehicle—control (Fig. SC) denoting
lack of toxcity. Collectvely, these results demonstrate that 1,25{0Hp0s-3-BE = an effiective
agent at reducang renal cancer xenografts an appears to be well tolerated at thes dose and

time cowrse

1,23 0OHkDs-3-8E reduces cyclin A levels and increases apoptosis in tumor samples.
We observed significant imhibition of cyclin A levels in owr call culture modeds of 1,25(0H D+

3-BE acton. Therefore, we examined cycin A staining n tumors from mice treated with



1.250HRpD=-3-BE, 1,250Hk0Ds and vehicle (controf).  Immunohistochemical analysis of
cycim A m the xenografts demonstrated significant reducton in the percentage of cells having
nuciear cyciin A staining with both 1,25(0HB0s and 1,25(0HD=-2-BE (Fig. A} Importantly,
the reducton in cydin A was more proncunced m temors derved from 1.25(0HED-3-BE

treated animals (Fig. 6Ch.

Because we observed potent stimulabon of apoptoss by 1.25(0HRD:-3-BE in vifro, we
examined the presence of apopiobc bodies, as an indicaton of apoptosis, in the xenografis.
The muember of apoptotic bodies per high power field was mcreased in tumors from the
1,25 0H)0+-3-8E treated animals suggestng that 1.25(0H);0D-3-BE stimulated apoptosis m
vivo (Figs. 88 and BC). However, 1 250H}p0s did not significantly increase apoptosis in the
xenpgrafts.  These findings are i concordance with our cbservations that compared to
1. 25{0HR0s 1,25{0HLD3-BE is a more potent inducer of apoptosis in renal cancer cells m

Witro.



DISCUSSION
There is 3 paucity of information about the effect of 1,25/0HRD: and #s analogs in renal
cancer. Mapgakura ef al. demonsirated that 1,25{0H}Ds and some of its metabolites mhibited
the growth of renal cancer cell line KU-2 (28). In addition, Fuzioka et al. demonstrated that
1,25{0OH 0= mhibited the growth of mune Renca renal cancer cell line-induced tumor in a
mowse model (29). These results suggest potential utility of 1,25(0HkDs and s analogs n

treating renal cancer.

We observed that 1.25(0H),D.-3-BE ® a significanfy stronger antiproliferative apent
compared with equemolar amounts of 1.25(0H)D: both in wiro (Fig. 1) and I a mouse
xenograft tumor mooel (Fig. 5). Greater efficacy of 1,25{0H}D+-3-BE compared to
1.25{0HLDs can potentially be explained by its proposed ability to titrate and engage a3l VDR
molecules, due to the kinetic nature of the alkylaBon process. This is an mportant
consideration in cases where VDR level is low. For example, Trydal et &l determned VDR
lewed in 23 primary renal cell carcmomas and compared these |levels with autodogous normal
kidney tissue. They repored that VDR levels for the renal cell carconomas were
approximately three times lower than auviclogows normal kidney tissue (30) We evaluated
VDR levels in Caki 1 and A-428 cells, treated with 1.25[0H D 1,25{0H}D+-3-BE or vehicle,
and cbsernved comparable levels of VDR by immunobiot analysis suggesting that changes n
VDR levels do not refiect response to 1,25(0Hk0D+-3-BE (data not shown).

In Caki 1 cells, we observed 1,250H),D.-3-BE induces apoptosis, n additon o cell-cycle
arest. as ewidenced by sub GOVG1 DMA analysis and amrest at the G2M checkpoint (Figs. 2
and 3). 125(0H)D+3-BE also strongly stmulated caspase 377 activity, a hallmark of

apoptoss (Table 1). The mduction of apoptoss by 1,25{0H}D+ has been shown to iInvolve
1
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up-reguiation of pro-apoptotic Bax and Bel-XL, Beol-2 famdy proteins that reguiate the intrinsic
pathway for apoptotic induction (25, 26). However, in A488 cells 1.25(0H)D:-3-BE (as wel
as 1,25{0HD:) faled to activate these proteins (data not shown), suggesting that activation

of caspases (by 1,25(0H}D-3-BE) n kidney cancer cells may follow a diferent pathway.

Akt is a serinefthrecnine kinase which 1s actvated by many signals in a phophatidylinostol-2'-
kinase (PI3K)-dependent manner (31, 32). Akt is inwolved in a vanety of nomal and
temorigenic functions such as cefl proliferabion, growth and survival. Hara ef al. screened 45
temor samples from renal cef carcinoma pabents and reported that phosphorylated Akt
expression increased significantly in comparison o associated nomal kidney tssue and that
an Akt inhibitor induced apoptosis in KU18-20 and Caki-2 cells which hawve high Akt activity
(33} We observed that 1,25(0HDs-3-BE strongly mhibited Akt-phosphorylation m A288 and
Caki 1 eells (Fig. 3B). indicating that the abdity of 1,25(0H):D+2-BE to inhibit Akt activation

may be crtical in the molecular mechanism of its acbon.

Caspase B is a downstream effector of Akt-activity. As presented in Figure 38, we observed
complete mhibibion of caspase® phosphorylabon following 1,25{0HKDs-3-BE treatment of
Caki 1 cells. Interestingly, 1.25(0H}:Ds did not inhibit caspase-b phosphorylation, potentially
revealing a key mechanism explaining the cbserved differences m the abdity of 1,25(0H D+

3-BE and 1,25{0HkDy to promote apoptosis i renal cancer cells.

The stabdity of a drug in serum s a key phamacokinetic property. Serum stability is
particularty mportant for 1,25{0H},D+-3-BE, because it contains an ester bond which may be
prone to hydrolysis by esterases. Therefore, we determined the stability of 1,25{0Hx0s-3-BE

in human serum. HPLC-profde of an organic extract of a serum sample, spiked with ™C-



1,25{0HD+-3-BE showed the intact peak of “C-1,25{0H:D+-3-BE after one hr incubation at
A7°C (Fig. 4). This result attests o the stability of 1.25{0H}D+3-BE in sensm, and enhances

its potential as a therapsutic agent

Im order to evaluate the potential of 1.25(0HkRD=-3-BE in renal cancer, we carried out an in
vivo study with an athymic mouse moded of human renal cancer. In this study we observed
that tumors in wehicle-treated, controd, animals grew rapidly throughout the time course.
cignificantly, 1,25{CHLD-2-BE, Bt not  1.250OHKD, inhibited tumor-growth (Fig. SA)
refiecting the in wiro growth-inhiatory property of 1.25(0H),0,-3-BE in kdney cancer cells. In
addition, higher efficacy of 1,25{0HED+3-BE m inhibting temor growth compared to
1,.25{0OHkDs was reflected by decreased cyclin A nuclear staining and increased apoptosis m
the twmors (Figs. 6A-C). It is noteworthy that the molecular wesghts of 1.25(0HLD-3-BE
and 1.25(0H):0s are 537.80 kD and 416.65 kD respectively. Therefore, if we consider
equimolar concentrations of these compounds, 1,25(0H}Ds-3-BE is actually approxmmately
1.2—old mare active than 1,25(0HEDs

1,25{0H}x0s-3-BE did not show significant toxicity as reflected i the gross body weights of
the animals throughout the study (Fig. 5B). As indicated in Fig. 5B 1,25{0H):Dx apparenty
caused some weight-gain. But, upon siatistical anafysis body-weights of 1,25(0HEDs -
treated animals were not signficanfy different from other groups (vehicle-control and
1.25{0H),Ds-3-BE). Furthermore, serum calcium values were not signficantly diferent

among the groups (Fig. 5C).

We have demonstrated that 1,25{0HkL0--3-BE covalently attaches to the ligand-binding
pocket of VDR {13), thus possibly making it less prone fo catabolic degradation and higher
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activation of VDR. It can be argued that such a process may lead to ‘apparent higher dose of
1,25 0HkDs" and enhance toxicity.  But, increasing the effective dose of 1 25{0H LD by
covalent labeling also means that we will regquire kess of 1,25{0HKD+-3-BE 1o brng about
significant effect. We chose a dose of 0.75 pg'kg for both 1,25{0H}kDs and 1.25(0HED-3-

BE at which leve! none of them showed any toxicaty (Fig. 58 and 5C).

In summiary, the results presented herein demonstrate that 1,25{0H}D+3-BE strongly
suppresses growth of kidney cancer cells in wvitro and temor growth in vivo. These studies
suggest further pre-clnical investigabions, and continued mechanistic mvestgations of
1,25 0H}kDs-3-BE in mhibiting renal cancer tumorigenesis are wamanted o evaluate its
translational potential as a therapeutic agent in renal call carcinoma. Considered together
with exfensive data on witamin D various cancer-prevention setings, these results also
hawe imporiant implications for renal-cell-cancer prevention. There are, however, no
preciinical m-vivo models, for example genetically engmnesred models, for prevention research
in this setting. and so such models shoukd be developed for studying the vitamin D analog
reported here as well as for studying other potentially effective preventve agents. Such
presention study would be especially relevant for people at a high nisk of renal c2 cancer
(34-34)
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FIGURE LEGENDS

Fig. 1. 1,25(0H}D+2-BE &= more potent than 1,25(0HkDs in inhibiting the growth of renal
carcinoma cells. (A) A428 cells (left panel) and Caki 1 cefis (nght panel) were treated with
vanous doses of 1,250HRBD-3-BE or 125(0Hk0s or ethanod (vehicle) Afier seven days,
MTT solution was added to each well and absorbance read on a microplate reades
Absorbances from treated cells are plotted as percent of vehicle. Eight replicates for each
treatment was performed. Ermor bars represent standard emor of the mean (SEM). ™, p<0.01:
" p0.001. (B) Morphologic appearance of Caki 1 and A488 cells followmng treatment with
1,25(0HkD+-3-BE.  Cells were treated for 4 hr (Caki 1) and & hr (A408) with 10°M
1.25{0HEDs, 1,25{0HED+3-BE or ethanol control and phase contrast photomicrographs
were obtamed at 200x onginal magnficaton. The experment was repeated three times and

representative fields are shown,

Fig. 2. (A) 1,25{0H}:D+3-BE amests A488 celis in G2M. FACS analysis was performed on
Pl-saponin-stained A403 celis treated for & hr with 10%M 1,25(0H)Ds, 1,25(0HkD+-3-BE or
ethanol (vehicle) control. The percent of cells in GOAGT, 5 and GAM phases of the cell cycle
wene calculated using Modft software. (B} 1.25(0Hk0:-3-BE reduces cyclin A levels m Caki
1 and A488 cells. A4DB and Caki 1 cells were treated with 10°M 1,25(0H).Ds (D).

1,25 0OHxDs-3-BE (BE] or ethanol control (E} for 8 hr. Wholds cell extracts were prepared and

Westem blot analysis performed for detecbon of levels of cyclin A, T-Actin was used as a

loading controd. The results are representative of two independent experiments.

Fig. 3. 1,25{0H}D+-3-BE promotes apopiosis of Caki 1 celis. {A) Sub GO/G1 DNA FACS

(o]
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analysis of Caki 1 celis treated with 1.25(0HpDs or 1.25(0HED-3-BE. Caki 1 cells wers
grown o 60-70% confluence, and then were incubated with 10°M of either 1,25{0HkDs or
1,25{0H}Ds-3-BE for 8 hours. The celis were harvested and stained with propidium lodide.
Fluorescence was measured inm a FACS analyzer (B) 125{0HED+-3-BE inhibts
phosphorylation of Akt m A428 and Caki 1 cells. A283 and Caki 1 celis were meubated with
5x107'M of 1,25(0H),D: and 1,25(0HkDs+3-BE or ethanol control for 24 hours and Westem
analysis used to asses the levels of phosphongdated Akt (p-Aktp. The blot was sinpped and re-
probed for total Akt as a loading control.  The results are representative of two independent
experiments. (C} 1,250H)KDs-3-BE inhibits Akt-mediated phosphorylation of caspase-2.

Caki 1 cells were incubated with 5%10°M of 125(0HRp0y, 1,25(0HED+-3-BE, the PI3KIAkE

inhibitor LY 284002 {10 OM) or ethanol controd for 6 howrs and Western analysis used fo

asses the lewels of phosphorylated caspase-2 (p-Caspase B} The blot was strpped and re-

probed for O-actn as 3 loading confrol. The results are represantative of three independent

experiments.

Fig. 4. HPLC profiles of {A) a standard sample of “C-1,25{0HkD+-3-BE, and (B} organic
extract of a sample of human serum, spiked with "C-1.25(0HD=-3-BE. Condtions: C18
codumn, 5% HxO-MeOH: mobile phase, on-line radicactwity-detecton. The sxpenment was

repeated three times and represeniative data shown.

Fig. 3. 1,25(0H}LD+-3-BE inhibds tumor growth m a mouse xenograft growth m a mouse
xenograft model (A) Caki 1 zenografted ftumor growth = response to administration of
1.25{0HpD: and 1.25(0HED-3-BE (0.75 pgkg body weight each)l Tumor size was

measured at the indicated days after mjection of tumor cells. Inset Graphical representation

2
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of turmor volumes at the completion of the experment. “=p<0.01 by Students T test (B)
1.25{0OHkDs and 1.25(0H):D+3-BE do not induce toxicity in mice. At each time where tumor
sZE was measured the mice were weighed as a measure of toxic effects of 1. 25(0HED: and
1,25 0HLD=-3-8E. (C) Serum-calcmem values of reated anmals were determined by a
calcium-assay kit using manufacturer’s procedurs (Biofssay Sysiem). Siatistical analysis

was done by Students T test.

Fig. 6. 1,.25/0H},D:-3-BE stmulates apoptosis and reduces cyclin A levels in renal cancer
xenografts. (A} Immunohistochemical analysis of cyclin A levels in xenografts. The tumors
derved from control, 1.25(0HED: and 1.25(0H)D+2-BE treated mice were examined for
cyciin A levels. Amows ndicate positive nuclear staining for cyclin A. (B) Apopiotic bodies
are increased i tumors from 1,25{0H p0+-3-8E treated mice. Cirddes indicate representative
apopiobc bodies. (C) Quantification of cyclin A staming (left panel) and apoptotic bodies
(right panel). Posiive nuclear staining for cyclin A and the number of apoptotic bodies n
contrel tumors (Con), tumaors denved from 1,25(0H)2Ds treated mice (D) and turmors derved
from 1, 25({0HpDs-3-BE treated mice were counted as described in Matenals and Methods.
For cyclin A statistical analysis (students T test), "=P<0.005 and ""=P<0.0005. For the

number of apoptotic bodies "=P<0.02
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Table 1

1,25 0H}:04-3-BE stimulates caspase-3T activity activity in Caki 1 cells

Caspase-AT actwity was determined followng treatment of Caki 1 cells for & hours with
1,25{0OHk0s 1,250H):D+-2-BE or ethanol (vehicle) controd, Fluorescance released following
cleavage of the pro-fluorescent subsirate, Z-DEVD-110 was measured at the emission
maxirmum of 521 nm. The amownt of fleorescent product generated is representative of the

amount of actve caspase-37 in the sample. SE= standard error

Treatment Fluorescence Linis #- SE
EtOH 0 0
1,25{OH D 0 0
1,25{0OHD+-3-BE 17841 &1
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Abstract: Cytminade drugs in lipasomal vehicles target iumars and protect the drugs from premature
degradation. 1,25 DMhydroxyvitamin D3-3f-bromoacetate (1,25[0H)202-2-BE], a vitamin D receptor-
alkylating agent inhihits the growth of prostate ancer cells Atm of the stody was to evahsate the
efficacy of a lipasomal preparation of 1,25(0H)2Z03-3-BE vermes 1 F5[0H)2072-3-BE in modulating the
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Liposomal 1,25-dibhvdroxryvitamin D-3f-bromoacetate is a stronger growth-inhibiting agent than
its nn-emcapsulated connterpart in prostate cancer cells

Eelly 5. Persons, ShwethaHareesh Vikram J. Eddy, and Ralul Ray*

Boston University School of Madicine, 85 East Newton Street, Boston, MA 02118, U S A
*Comesponding muthor, Boston University School of Medicine, Boston, MA TS A Tel +617-638-
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Ronning Title: Liposomal 1,25-dihydroxyvitamin Ds-3f-tromoacetate and prostare cancer

..'.]Hl]’lﬂ' EIH:!PEJ.Ili.IIIlg Cytotoxic drnugs mll;l-nsumahﬂndﬁ thmE ﬁn’ﬂumgemE of mumars
AL nd pro d P dagradation 1.2 ""L L‘lﬂlvd:n:ﬂr:r.nmm D,-ﬁﬁ-h'nmacelam
(1, "S(IDI-]}-D,-J-BE,:, a muumD me;:m—a[h'fhunf apent inhibits the prowth of prostate cancer cells.
The aim of the study was to evaluate the efficacy of a lipesomal preparation of 1,25(0H),D,-3-BE
versus 1, 23(0H},D;-3-BE m modulating the growth of prostate cancer cells. Fesults demonstorate that
lrpasomal 1.25(0H),D,-3-BE & significanthy better than 1,2350H),D),-3-BE in mhibifing the growth
In addxson, liposomal 1,25(0H),D-3-BE was found to be stable in buman serum  Taken together,
resulis of the stodies delmeated here suzpest a thempeutic potential of liposomal 1,25 0H).D,-3-BE m
prosiate CAncer.

Key words: Lipozomal 1.25-dibydroxyvitamin D-38-bromoacetate, vitamin D receptor alkylating
AEENE, prosiale CAnCer

1. Introduction: Liposomes are recognized as muportant wehicles for cytotoxic dmgs
becanse thev can protect the drues from desradation in cironlation, thereby protecting healthy cells and
tizsuwes from expesurs to lethal drog doses Additionally, bposomes can extravasate through eaky
famor vasculature sslactively over normal tissues and raleass drazs into the tumor [1-4].

1,25-Dihydreywitamin D, (1,25 0H),D,) s an antiproliferative and anfi-cancer agent [5]. But
its clinical applicability has been limited by Ivper-calcemia and refated toxicity, brought m by high
therapeutic doses [§-8]. Paradoxically high doses are required to counter &3 rapid catabolic
degradation 1e=25-dibpdresyvitamin Do-3f-bromeacetats (1,23(0H).Ds-3-BE) was developed m
our aboratory to counter this problem by covalently attachins 1,25(0H).D), deep inside the Sgand-
bindmgz pocket of vitamuin I receptor (VDE), the transcriptional factor that repulates the biological
activities of 1.25(0H),0 [0-14]. In recent poblcations if washas bean demonstrated that
1.25{0H}:1);-3-BE and 15-hvdromyvitamin D-3-bromoacetate, the counterpart of 1,25(0H).D,-3-BE
without the 1-Erpdrosy] group, are considerably stronger antiproliferative agents than 1. 25 0H).D; in
prostate and pancreatic cancer calls [12-15], as well as high-risk neuroblastoma calis [16].

In the present communication we repart that a iposomal preparation of 1,25 0H).D),-3-BE has
a better prowth-inhibitory property m thres prostate cancer cell fnes than the un-encapsulatad aaked
compound {1, 25(0H};0);-3-BE) and the parent bormone, 1,25(/0H):D, (un-encapsuliated saked and
Eposomal). We also report that liposommal 1,25(0H).D;-3-BE is stable in buman setum, thereby
attesting therapeutic potential of Iposomal 1.25(0H).[,-3-BE m prostate cancer.

1
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2. Materials and Methods: All chemicals were obtained Som Sizma-Aldnch Miwaukes, WL
umnless mentionad otherwise Cell-lines were obtained fom ATCC (Mamazas, VA).
Preparation of lippsomes: A solufaon of cholesterol (1 pg), dmethylpho sphotidy] choline (DMPC)
(20 ug) and 1 25{0H).D) (1 pg, a kind gift fiom Dr Milan Uskokovic, Hoffiman La-Roche, Nistley, NI)
or 1.25(0H),D+-3-BE (1 pe. svothesized m our laboraiory, reference [17]) m chioroform was dned ma
stream of argon. Phosphated saline (PBS, 1.5 mi) was added o the solid residue inllowed by mixing
by brief wortexing and the mixture was sonicated for 15 min. The milky sobution was incubated at
50°C for 50 min and frozen at -77°C for 20 min  This heatine and freezing cycle was repeated once,
and the preparation was stored at 4°C for use in assays  Prior to each assay the liposomal preparation
was sonicated and vortexed briefiy for proper mixme.

In a separate experiment a chloroform sohwion of cholesterol, DMPC and |, 25(0H).D; was
spiked with "H-1,25(0H).D, (100,000 cpm, sp. actvity 120 Ci'mM, Amersham GE Healthcars),
followed by mixing (in PBS) and sonication etc. The preparation was centrifirzed at 4"C in an
ulmacentrifuge (Beckman [lracentrifoze L7-63) wsing a Backman 50 2 T1 rodor at 35,000 rpm for 60
min The supermatant and pellet (dispersed in one ml of PBS) were mixad with scinfillation fuid and
counted. We roafinely obtamed -00%; incorporacson of radioactivity m the pellat.

Antiproliferation aszavs: We tested antiproliferative activity of 1.25(0H),D, liposomal 1,25{0H).D,
(1,25(0H); D3}, 1.250H),;D,-3-BE and liposomal 1,25(0H).D.-3-BE (1,25(0H);D+-3-BE}),. in
INCaP. PC-3 and DU-145 prostate cancer cells by MTT assay (according to mamifactharer’s procedurs
(Trevigen, Gaithersbarz, MDY} or "H-thymidine incorporation assay (ses helow’ .
'H-thymidine-incorporation assay: In a typical assay cells were grown to 50-50%: conflusnce
o J4-well plates m DMEM media contamme 10% FBS. serom-starved for 20 hours, followed by
treatment with vanous concentrations of 1, 25(0H):Dy or 1,25 0H),D4-3-BE (as 0.1% ethanolic
solution) or ethamol (vehicle) or (1. 235 0H),D4),or (1,23(0H):Dy-3-BE), or blank lpesome m semum-
:um;mmgmzdmm for 16 hr After the treatment, media was removed Som the wells and replaced
with media containing “H-thymidine (0.1 p=Ci. Sizma-Aldrich, Milwaukes, WT) per well Plates were
mcubated for 3 hrat 37°C followed by the Sollowing sequence of steps. Liquid was removed by
aspration, cells washed thoroushly (30,5 ml} with PBS, we-cold 5% perchionc acid sobsbon (0.5
mlwell) added, incobated on ice for 20 min, perchloric acid remeved by aspiration, replaced with 0.5
ml of fresh perchloric acid, incubated at 70°C for ) minates. Finally, solution from each well was
muixed with scmfillarson fiosd and counted in a liquad scmeiliation coumter. There were six (6) wells per
sample, and statistics was camed ouf by Shudent's t test.

@y: DU-145 cells weare treated with various deses (as mdicated in Fignre 4) of

1.15(OH)-D,-3-BE.(1.25(0H).D;-3-BE}.. sthelor blauk liposomeon 1", 3* and 5* days. followed by

harvesting of the cells {by trypsinization) on 7° day and counting the cells in a hemocytometer. Thers
were three {3} wells per sample, and statistics was camied out by Student’s t test.

Sermm-stabilaty stndy of (1, 25{0H),D--3-BE), - One mi of pooled human serom was mcubated at
37'C for 50 mmmates with a sanple of (1, 25{0H),D+-3-BE), (10 ug) followed by extraction with

3l 3ml of ethyl acetate. The arganic byer was dried in a siream of niirogen and the rasidue was
analyzed by HPLC (Astlent 1100 series, Thermo-Soentific. Waltham MA 5% HO-Ma0OH mobile
phass 1.5 mi'min 255 om detection. Agilent C18 column). A standard sample of 1,25(0H),D-3-
EEwas also amabvzed by HPLC under same condssons

3. Results:
il {1L250H,D-3-BE}; has the soromgest srowin-miibiiory properly m comaprison
with], 2570H D ~3-BE 125(0H).Ds and (1. 2508 D:l; M prosiote cancer cedls.
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In growth-inhibxwon shadies with androgen-sensifive LNCaP and androgen-insensiive PC-3 and
DU-145 prostate cancer cells, 107*M of 1. 25(0HRLD; or (1,25(0H):Dy ) failed to show any sipnificant
affact (Fiznres 1A, 24 and 3A respectively). But. in all these cell-Enes 107°M of 1,25{0H).D3-BE
and (1,25{0H);D--3-BE), displayed considerables antiprobiferative effect (Figures 18-1H).
Impartantly, m each case (1.230H),D;-3-BE), showed a stronger antiproliferative efect than naked
1,25({0H):D;-3-BE. For exampls, in INCaP, PC-3 and DU-145 cells, 10°M of 1, 25{0H),D+-3-BE
inhibited growth by approximately 35%, 20% and 15% respectively, while an equivalent dose of
(1.25(0HD,-3-BE). inhibred srowth by approsimataly 35%, 43% and 35% respectively (Fignres
1B-3B) Growth of LINCaP and D7-145 cells was particularly senzitive to 107°M of 1,23{0H),D-3-
BE and (1,25(0H);D+-3-BE},.. and ther growth was almost completaly mbibited Eﬁms 1B and 3B)
In comparison, PC-3 cells were less sensive to these earments (Figure 2B). Al dose may be
considered supra-physiological, ut we enploved thes dose—lessd simply to compares the efacts
between 1. 25{0H).D, and 1.25{0H}LD,-3-BE and their bposomal formmlations. Colleciively thess
results showed that 1, 25(0H).[}-3-BE. particaiarly m Iiposomal foromlation has sirong growth-
:n]JJ'J:-JIm'I. effect in prostate cancer cells.

1 1. 230Hi D -3-BE}, has rironger anit-growih gfifect than 1, 23(0H) .0 ~3-BE in a chronic and
|':1n-g-um growth atsay m D145 cails.

In the next study DU-145 cells salls were weated three times in a week-long growth assay to
muimic chronic admimsstration of drugs mom v studies. Fesults of this assay, shown in Figare 4,
demonsirate that (1,25(0H),D,-3-BE), has a stronger anfi-prowth effect than 1, 25{0H).D;-3-BE in a
:lnae—:lepe:ﬂ.eut manner
33 1,23f0H D -3-BE}, 15 stahie tn human serum.

Saum—slzhﬂn assay of (1,15(0H),D+-3-BE); by HPLC produced a sharp peak with a refention
time of §.58 min and 2 small shoulder at approximately & mm (Figure 5B, Bottom Panel). Most
mnportantly, 1,25 0H),0-3-BE dad oot produce a peak for 1, 25(0H):D: {indicated by arrow). These
1'E511|_115 strons iy suggested that 1 25(0H).D:-3-BE & stable m luman semam for at least up to 60 min at
I
4. Discassion: 1, 23{0H), D, mhibats prowth of many cancer calls, suggesings s potential as a
cancer therapeutic agent. However, its clinial usa has been Hmited by its toxicity o pharmacological
doses [B]. Fequirement of high chnical dose 1= related to ifs rapid catabolic degradation (warmanting
higher doses) and [ack of sslectivity for tumer c2lls over normal cells. As discussed earher, these
problems can potentially be alleviated by encapsulating 1,25(0H), I, in Eposomes/nanosomes. It
would be even better if an analop of 1,25 0H). D, with a better therapentic index (than 1, 23{0H).D) s
subjected to the same process. In previous pablications we have demonstrated that [ 35({0H),0,-3-BE
Possesses consikdembly stronger anfiproldferative activity than 1,23{CH).D; m prostate and pancreatic
cancer cells [12, 15], undersconing therapeatic potential of 1. 23(0H).Dy-3-BE. However,
evaluationevalaution of such a translational potential requires development of an effective formmlatieon
of the compound.

Liposomes have been touted as tumer-specific and effective camisrs of cytotosic drugs [1].
However, they are not devoid of significant problems mcluding premature destruction to CausetoxicHy
to healthy tissueshaabhy tisne toxicitvor in the other extreme umdesirably long stahility to prevent
effective dalvery to thetamaor cells [1]. These problems have been addrassad to some extent by
preparns stencallvhimdered pegviated liposomes [18.19] and mcorporatxon of spore-proteins [20-23].

Az a prelade to more elabarate stadies we have developed a simiple vet highty eficient method
to encapsulate 1 25{0HED, and 1,23 0H),0:-3-BE m Iposomes and evaluated anti-prowth properties
of thessheseformmstionsHermstess I prostate cancer cells.

Poesults of our in v shadses show that (1,25(0H):D--3-BE), has stronger prowib-inhibdory

120



property than 1, 25(0H),D--3-BE, 1. 23{0H},Ds and (1. 23(0H),D-). (Figures 1-3) in all thres prostate
cancer cell:. Inaddition, (1,2300H),0.-3-BE), 15 siznificanthy more efficacious as an anfiproliferative
apent Lh.ar.l 1.25{0H),D+-3-BE in a chronic growth assay with DU-143 cells (Figure 4).

1,25{0H),D+-3-BE is an ester of 1,25(0H).D,. and its hydrolbysis in vive would produce
egunvalent amoumnts 1.25(0H),D; and bromoacetic acid, theretr'fredutmg is efficacy (Figure &, Imset).
HPLC-analysis mdicates that (I, 25(0H),[}-3-BE), is stable in bumon serum for at keast up to onse
bourhr as denoted by the absence of 1,25(0H),0 peak m the HPLC of the organic-extract of
(1.25(0H).D-3-BE), (Figure 5)

In summary, results, delineated in this study demonsirate that (1.23(0H).[4-3-BE), has a
stronser growth-mhibitory effect than 1,35 0H);D;-3-BE in prostate cancer cells. This mformatsn,
coupled with s semum-stability efsronghy sugeests a therapeutic potental of (1.25(0H).D,-3-BE), n
androgen-sensitive and andropen- mesnsitive Prostate CancsT

Admowledzement- Aurhors ackpowledze research-support by grants from MNatona! Cancer Instenate
(IBE21CAIIT620-0142 1R43CA12517-01A1) and Deparmment of Defense (BT 051134)

Figure Legends:

Figure 1-Cyotoxicity of 1,25(0H).Ds, (1,25(0H)D.),, 1 15(0H).D-3-BEer (1,25(0H),D-3-BE),
m LNCaP cells Cells were treated with ethanol {confro]), blank liposome (commol), various doses of
1L25{CH):Ds. (1.2 0H),Dy)1. 1. 23(0H).Ds-3-BEor (1, 23{0H},D-3-BE), for 15 hr. Metabolic activity
o reagent-reated cells relative to controls was quantitated usins a tetrazolum-based (MTIT)
chromogensc assay. OD was measured specirophotometnically af 450 om  There were six replicates for
each sampls. Stafistics was dope by sadent's t tesg. ***p="0.001, **p<0.01

Figure 2:Cviotoxicty of 1. 25{0H),D;, (1.250H).D;),.. 1 25{0H), Du-3-BEer (1,15(0H),D.-3-BE),
m PC cells. Cells were treated with ethonol (contral), blank posome (control), various doses of
l.liiﬂH}zD {1.25{0H);D:)...1.25(0H}.D)y-3-BEar {1,25{0H).D-3-BE)_for 16 hr followed by
'H-Thymidire mcorparmation assay by a procedure described m Materials and Mathods section. There
weare six replicates for each sample. Statistacs was done by student's ttest: ***p=0.001, **p=10.01

Figure 3;:Cvintoxicity of 1,25(0H),D;, (1,250H), Dy, 1,2500H),I:-3-BEer (1, 25(0H).D,-3-BE),
im DU-145 cells. Calls wers treated with ethano] (contrel), blank lipeseme (controll, varous doses of
1,25(0H).Ds, {1.250H);D4)1..1. 25(0H).Dy-3-BEor {1,25{0H),D+-3-BE} for 16 hr followed by "H-
Thvmidine Incorporation assav by a procadurs described in Materials and Methods section. Thers
were six replicates for each sample. Statisfacs was dooe by student's ttest ***p=20.001, **p=0.01.

Figure 4:Growth assay of DU-145 cells, as they were treated withl 25(0H).D,-3-BEar
(1,25{0H}.D;-3-BE)L. Cells were wih ethano] (conirel). blank hposome (comral}, various doses of
1.25{0H).D;-3-BEar (1,25{0H),D+-3-BE}) on 1®, 3™ and 5* days, harvested on 7™ day and counted in
a hemocytometer. There were three replicates for each sample  Statsstics was done by student's € test:
*etp<0.001, **p-20.01.

Figure 5:Evaluation of the serum-stability of (1.25{0H),D.-3-BE), . Une ml of uman ssmom was
incubated at 37'C for 60 mimmes with a sample of (1,25(0H),D+-3-BE),. (10 ug) Sollowed by
exiraction with ethyl acetate and HPL.C-analyses of the orzamic-exiract A standard sample of
1.25(0H).I);-3-BE was also amalyzed by HFLC under same condifions. Insst Graphic depicton of
hydrolytic production of equimolar amount of 1,25(0H);D); and bromoacetic acid from 1,25(0H)-Dh-
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